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I 
L 

k i n g  the  past  ten  years,  investigations uithin the  broad area of m a u s t i o n  
resewch havek3een conducted  by government, indus'cry, and university. Much Of this 
research has been sponsored and financed by the  Federal  kvernment, ususlly to   fur-  
ther so2118 applicat.ion of combustion  such 88 f l t gh t  prqguleion. & a result, exten- 
sive data have been publfshed by a variety of sources. The greatest  benefit can be 
derived by collecting,  collsting, and interpreting  this information. Accordingly, 
the RaCA has herein  integrated and in te rpre ted   in fomt ion  on conibustion with a v i e w  
to its applicetion  to flight propulsion. 

The principal problem of i n t e r e s t   i n  this study is that of burning fuel continu- 
ously and ef f ic ien t ly   in  a small volume and at hi&  rates.  Heat-release rates must 
be large and co&ustion  efficiency  nearly  perfect i n  order to obtain hi& thrust  
and l o w  specific fuel conamption from a small, lightweight  engine. Wide ranges of 
speed, altitude, and climate are generally encountered W f l igh t ,  and these  factors 
often change rapidly. Thus, the couibuation smtem must perform  over wlde rEanges of  
fuel flow, inlet-air flaw, pressure, and temperature. 

In addition  to  burning f u e l  eff ic ient ly  and at high ratee,   the performance re- 
quired of a coaibustion system dqends on the perticular englne and its operation. 
In general,  the following condition6  are desirinble: Pressure loss through the  cm- 
buation system sh0iiI-d be kept to a minimm, since high pressure loss causes  increased 
engine specific fuel consumption. Mixing of burned and unbuined m e 0  upstreem of 
the combustor out le t  must provide a preferred  temperature  distribution at the out- 
l e t .  This requirement may resul t   e i ther  from turbine  stress-strength  considerations 
or from the need of a nearly uniform jet velocity  profile  for hfgh propulsive effi- 
ciency.  Deposition of coke and formation of smoke are both undesirable i n   t h e  oper- 
at ion of combustors. Of the tm factors, coke deposition  presents  the more serious 
problem  because of its adverse effect  on combustor performance and life. The  com- 
bustion system should be  durable, yet lightmigat. R e l i a b l e  ignit ion is 00 necee- 
smy.  Unfortunately, some of these  requirements  are  conflicting  with  respect t o  
design.  Specifically, then, the combustion probkn for a hlgh-perfomance a i rc raf t  
engine  such as the je t   o r   tu r t ine  type arises from two factors: (1) the extreme 
range  and rapid  variations of aperating  conditions  encountered, an& (2) the many 
requirements of the combustor, s m  of which necessitate compromise i n  the design. 

Many sources of basic and background information =e ava lhb le   t o  the designer 
of high-speed codmation systems. The volume of l i t w t u r e  concerning th i s  subjec t ,  
which was large before World WE+? E, has since &xpan&ed tremendously with  the qenai- 
ture of millions of d o u S r s  by the Federal Government. m e  funds have supported 
both fundamental and m l i e d  combustion research  in  Laboratories throughout the 
nation. - .  

A w g e  number of recent research papers on the fundament- of combustion &- 
Compiled i n  the Third and Fourth Syorgosfa on Combustion publiehed by the Williams & 
Wilkins Coumanv: and there are a few very useful texts  on basic  asuects of combus- 
tion,  such aa Explosion and Combustion Pkcesses i n  Gaees by Jost,-Combustion, Blames, 
and ~ l o s i o n s  of Gases by Lewis and von Elbe, and Flames by Gaydon and Wolfhard. 
Much additional  information  exiBts i n  technical journals, symposia, and  house organs 

- -. 

such as progress reports on militmy  projects.  

. 
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Published  information on the ap@.ication of  c@ust;toa research  to  flight  pro- 
pulsion ie lees comprehensive. Although many individual  papers on the subject  appear 
i n  the classified litereture, there are only a few stnmpary papers. Discussione re- 
la t ing combustion fundamentals to   the  proble2a.of design principles  for  jet-engine 
combustors have appeared in'mAcA conferences for  industry (e.g., RACA Conference on 
Turbojet Engines for  Supersonic  Propulsion, Oct. 8-9, 1953; W A  Conference on Super- 
sonic Missile Propulsion, Mar. 13, 1952), b u t  these discussions are necesssrily 
brief. The Applied physics laboratory of Johns Hopkins University is surmuarizing 
and integrating its own Information pertinent  to rem-jet ellgine  design. The Prince- 
ton  University Press is preparing a twelve-vqluqne $reatbe on High-Speed  Aerodynamic8 
and Jet Propulsion that will include a treatment of both basic and applied cambustlon, 
although it will be limited  to  the  unclassified literature. 

2 
8 

As CELU be seen, no adequate eumma3.y o f t h e  sou&e.materlal on  combustion is avail- 
able  to  the  flight-prqpulsion engineer. Such a sunrmary should reduce design effort  
by organizing  pertinent  information on both  basic and Bpplied combustion and extract- 
ing  those  principles and ideas which aTe useful  or significant i n  alrcraft engine 
design. The purpose of this report Fa to present such a study. 

Flrst ,  several chapters review such fundamental processes as fuel-air mixture 
preparation, gas flow and mlxing, flammribility and ignition, flame propagation  in 
both homogeneous and heterogeneous mediums, fhmi stabilization, combustion oecilla- 
tions, and smoke ana carbon  formation. The practical  sigufficance and the  relation 
of these  processes  to theory are presented. A second series of  chapters  describes 
the observed performance an8 design  groblemi of engine combustors of the  principal 
types. An attempt is made to  interpret  performance i n  term of the fundamental 
prooesees and theories  previously reviewed. Third, the design of high-speed cm- 
bustion systems is discussed. Combastor design principles that can be established 
from basic  coneideratiom and f r o m  eqperience with actual ccrmbusfors are described. 
Finally, future requirements for abcra f t  engine  combustbn systems are examined. 

Certain  limitations have been  necessary. The references were selected f r o m  a 
complete review of the f i e l d  in order to  i l lustrate   points  that were pertinent  to 
the  subject at the date of writing. Thus, the  references  cited are a thorough b lb l i -  
ography, b u t  not a complete one. Some important topics may have been amitted. Also, 
the  study is one of "breathing  englneB and hydrocarbon fuele;  rocket engines and 
f u e l s  other than hydrocarbons, such aa  the so-called high  energy fuels, are consid- 
ered  outside the scape o f  this report. 

Because of continuing  progress  both in fundamental combustion research and in 
the  adaptation of cmibustion principles  to aircraft ~)rqpulsbn,  this  report  is not 
intended as a final sumnary of develapments in   the field; however, it may be of 
assistance in future work. 

" 
" 

- 

Y 

Walter T. Olson 
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In both  tFboJet  and ram-jet engines,  t h e   f u e l  is usually fed into  the combus- 
t i on  chamber either as a well-atomized liquid spray or as a vapor (prevagorizing- 
type combustor). Accordingly, the  formation of liquid sprays, the  evaporation of 
both single drops and entire  sprws, ' and the  conditions  required  for  various degrees 
of fuel f lash  vqorizat ion are of interest t o   t h e  combustion-chamber designer. The- 
oret ical  and experimental work on most of these factors is  not sufficiently complete 
to  permit nnach direct  appllcation  to  particular  &ustion chambers. However, even 
i f  used only in  a qualitative senee, knowledge of the principles and txende involvetl 
i e  required f o r  good corbuetion-chamber design. 

The factors involved in t h e   p m i z a t i o n  and evqorat ion of l iqu id   fue l  are 
discussed  herein  primarily in their own l ight  and not in relat ion to their effect  on 
other  procesies  contributing t o  over-all combustion-chamber  perf'ormance. The appli- 
cation of t h i s  knarledge t o  actual combustion-chaniber design i s  discussed i n  sub- 
sequent chagters. - A detailed CLiscussion of the mixing of the  l iquid and vapor f u e l  
with the combustion air is p r e s e n t 4  in chapter II. 

SYMBOLS 

The following symbols are used in  this -ter: 

a constant. 

b constant 

bg,n mass diffusion  coefficient 

- 
C root mean squme molecular velocity o r  surrounding f lu id  

op specific heat at constant  pressure 

CV root mean e w e  mole- velocity of vapor 

=v diffusion  coefficient of vapor in smoundidg fluid 

d drop aiameter 

& mean drop diameter 

- 

a, orifice diame-ter 

diameter of undisturbed jet 

a, mas6 or  volume median drop aiameter 

ctt air-atomizer throat diqter * 
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%z 
F 

FV 

f 

m 

Sauter mean drop diameter 

flow number 

ventilation  factor 

f ue l -a i r  r a t io  

gravitational  constant 

latent  heat of vaporization 

specific enthalpy 

constant 

mean free molecular path of surrounding f lu id  

molecular  weight 

conatant 

. .  

dm 
3 3  

N 

Nu 

Nu' 

n 

P 

Pr 

P 

PBM 

Q 

9 

R 

R e  

Res c 

T 

rh 

S 

, 

evaporation rate of drop 

number of drops 

Nusaelt number f o r  heat trensfer 

Nusselt number for  mass t r w f e r  

distribution  constant 

nozzle  pressure drop 

Prsndtl number 

ambient pressure 

log mean pressure of eurrounding f lu id  

volume-f low rate 

constant 

universal gas  constant 

Reynolds number 

"Urp@;lbg, w 

weight fraction of f u e l   s p r y  containing drops of diameter larger than d 

radius 

orifice  radius 

1/2 thickneae 

a- 
" d 

m 

f " - 

3 

" 
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I 

P 

. 
I 

1 

s c  Schmidt number 

T static temperature 

Tap normal boiling  point of evaporating  liquid 

t tlrse 

t 0  breakup time of liquPB jet 

Ua a i r  velocity 

Ur 

'rc 

u2 ,h 

W 

We 

X 

- 
X 

xm 
Y 

Z '  

z 

U 

B 
r 
x 

x 

%ax 
P 

V 

P 

a 

* 

relative velocity between drop and air or  l iquia  fi lm and alr 

relative  velocity between &cop and air at  instant  of breakup 

velocity of l iquid at or i f i ce  

w e i g h t - f l o w  rate 

Weber  number 

f iact ion of f u e l  vaporized 

size  constant in  Ckqilistribution  functions 

maximum stable Chop diameter 

variable jn logarithmic-no& d i s t r ibu t i a   func t ion  

axial distance downstream of fuel injector 

+/- 
accommodation coefficient 

sprw-cone  angle 

gamma function 

thermal conductivity 

uavelength of Surface  disturbance' 

wavelength of surface disturbance producing maximum film or Jet   inatabi l i ty  

absolute  viscosity 

kinematic  viscosity 

density 

surface tension 

distance between Uqula surface and surface where diffusion 8t&B 

0 
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Subscripts: 

a air 
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f fue l  

Is surrounding fluid 

z liquid 

m vapor-air mixture 

0 drop eurface 

V vapor 

1 condition prior to vaporization 

2 condition at end of vaporization 

0 inf ini te  distance f r o m  drop . 

A!!XIMIZATION OF FUEL 

Basic Relations  for,Fuel Atomization 

Atomization theory. - I n  order t o  provide the rapid liquid  fuel  evaporation 
rates  required in jet-engine combustors, the fuel F a t  be fFnely ~&orsiwsd and w e l l  
distributed. The mechardem of atomization i s  not well. understood, and no general 
theory ha8 been evolved to predict degree of atomization for particular  nozzle da- 
signs, fuel properties, and operating U t i o n s .  However, a gen-81 picture of the 
atomization  process can be drawn from considerable  experimental work some limited 
theoretical  work performed in previous  years. 

The atomization of l iqu id   fue l  can be considered t o  occur i n  aix steps: 

(1) Stretching of f u e l  into sheets or atreams as a resul t  of accelerating  the 
liquid through the  nozzle  orifice 

(2) Pgpemance of Bmall local  r ipples end protuberances at the =quid surface 
as a result of initial liquid  turbulence and the action of the air on the  liquid 
stream 

(3) Formation of =anIent6 as a resul t  of aFr pressure and shearing  forces 
(ligaments are torn from main body of liquid  or result from addlti'onal stretching 
O f  fuel  sheet6 or streams) 

(4) Conapse of Ugaments into drops as a resut  of surface tension 

(5) Further breakup of these drops 

(6) Agglomeration af draps 

Conibinationa mart or of all these steps would appear t o  occur whether atom- 

. .  

ization is effected by injecting f u e l  at Ngh velocity  into  relatively  quiescent air 
(pressure  atamhation) o r  by the  action o f  a high-velocity air stream on a relatively 

rt 
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low-velocity fuel  strean (air atomization). The relat ive importance of each step 
vaxies  with  application, depending upon such factors as r e l a t i v e  velocity between 
fue l  and air, and fuel-air   ratio.  The various  factors involved i n  the  atomization 
process might be best  considered by fullowing the changes occurring i n  atomLzation 
as the  relative  velocity between the f u e l  and the air  is increaed  f rom low t o  high 
values. 

Fkyleigh (ref.  1) treated  the  effect  of rotationally symmetric didxrbancee (fig. 
I-l(a)) on the breakup of a l iquid jet. The flow wa8 assumed t o  be i n c q r e s s i b l e  and 
irrotational.  It w88 shown that a liquid  jet  subject  to  surface  disturbances becomes 
unstable when k/dj > x .  Here ,  A is the wavelength of the  surface  disturbance and 
dJ is the diameter of the  undisturbed  jet. The surface aisturbances  increase and 
f ina l ly   resu l t   in   the  breakup of the  Jet   into drqgs. When X/d j  is  equal t o  4.51, 
the surface dlsturbances  increase at the maximum r a t e  and result in the maximum de- 
gree of j e t  instability. In experiments on a f’ree-feJling jet, Tyler (ref. 2) obtained 
a value for x/dj equal t o  4.65. On the basis of these tests, Qler concluded that 
the breakup of such j e t s  occurs under the condition of maxbm degree of iEitabllLty 
as glven  by the Rayleigh  theory. 

weber (ref- 3) extended the R a y l e i &  aaalyaia to viscous l iquids mvlng R t  low 
velocit ies- For  the case where the  air and f u e l  have the same velocity,  the br&up 
time to of a liquid Je t  caused by rotationally symmetric disturbances ,(fig. I-I(a)) 
could be expressed by the equation 

where 

9 absolute  viacosity 

pt Uquid  density 

u surface  tension 

The value of X/“J fo r  the maximum degree of j e t   i n s t ab i l i t y  is given  by the 
equation 

From these  equations, it c m  be seen that both breakup time apd the optimum value of 
l /dj  for  breakup increase  with  increasing  viscosity and decrease with increasing 
surface  tension. The trends predicted by the Weber analysis (ref. 3) axe in wee-  
ment with the experiments of H a e n l e i n  (ref. 4) . 

A t  higher relative  velocit ies,  wave formation  (fig. I-l(b) ) is encountered as a 
result of air effects. Weber shaied that a minium relative velocity must e s t  for 
the onset of wave formation. As this velocity i s  exceeded, the required  distance 
for breakup decreases. 
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The various  stage0 of atomization fo r  simple j e t s  were separated by Ohnesorge 
(ref. 5 )  into three 0-8, 88 shown i n  figure 1-2. Here, a dimensionless  parameter 
Z, equal t o  pz/d*, i s  plotted  egainst  the  jet Reynolds nLmiber. In region I, 
the  Jet  broke up in accordance with the Rayleigh-type  disturbances (f ig .  I-l( a)).  
In region XI, the jet breakq occurred lo the form of helicoidal waves. In region 
111, complete disruption of the jet occurred a t  the  orifice.  

J e t  breakug resultlng f r o m  wave formation  has a lso  been considered far the case 
of -1-type pressure-atomizing  nozzles.  For  swirl-type  nozzles opera%* under a 
d e r a t e  pressure  differential,  the liquid emerges from the  orifice in the farm of a 
conical film. Waves and holes appear i n  the  f i lm which eventually  disintegrates to 
form the spray. Two theoretical  investigations (refs. 6 and 7) have been made in  an 
attempt to  -lain the breakup of the film as the   resul t  of  wave formation. The 
analyses f o l l o w  the  classical  treatments given by Lamb (ref?- 8 ) .  Viscous, iner t ia l ,  
and gravitational  forces axe neglected. !Che f l o w  i s  consiaered t o  be potential.. 
The relative  velocity between the filin and surrounding m e d i u m  is assumed conatant 
and the film is  treated as two-dimensional.  Provide& the film is f lat  (fig. I-3( a ) ) ,  
it i s  not  subject t o  disturbing or restoring  forces. However, if there i s  a slight 
surface bulge, the film is subject t o  both aeroaynamic and surface-tension  forces. 
A t  the bulge, a local  decrease in pressure  occurs which tends to increase  the surface 
disturbance. W e  force i s  opp~sed by restoring forces  resulting from surface ten- 
sion. Under certain  conditions, where -c forces predominate, the film 
becomes unstable and eventually  breaks up. 

In  reference 6, the  anslysis i s  concerned  with film breakup resulting from 
antisymmetrical  oscillations.  For t h i v  type of oscillation,  the cross section of 
the  f i lm is as shown in figure 1-3(b) . The thickness of the  disturbed film i s  con- 
sidered to  be  constant. It w&8 found that the film is unstable f o r  

n 

where pa f8 the air density.  muation (4) can be expresd ae 

. - 

r 

8 

Fair eqcreement was found between predicted and calculated  values of & obtained 
from photogrqhs of swirl atomizer sprays (ref.  9) .  Symmetrical oscillations, in 
which the mean surface of the film remains flat, woulj3 also result  unstable 
film- However, the degree of ins tab i l i ty  was stated to be much l e s s  than  for  the 
sntisyrmnetrical oscil lation considered i n  reference 6. 

.. 

. 1. - 
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I n  reference 7, a similar type of analysis w a s  made independently. In  this 
treatment, the  f i lm cross section was considered t o  have  t he  form sham  in  figure 
I-3( c) . Only the upper surface af the   f i lm w a s  considered t o  be disturbed. The 
case of exponential increase i n  wave  ampJltw3.e uas considered in detail. 

A t  high  relative  velocities between liquid and air, complete disruption of the  
l iquid jet  occurs close  to   the  fuel  orifice and resul ts  in  the  formation of large 
numbers of drops. This type of atomization occurs particularly i n  the case of air 
atomization and i s  also found with  pressure-atomizing  nozzles  operating Unaer high 
injection-pressure differentials. An analytical study of t h i s  type of atmnization 
was made by Castleman lref. 10) who applied  the Rayleigh analysis (ref.  1) to the  
case of air atomization in which ligaments are torn from the l iquid  Jet  surf ace- 
According t o  the Castleman picture of atomization,  Ugaments are drawn f r o m  the  main 
mass and collapse, because of their   ins tabi l i ty ,  into a eer of d r o p s .  A t  the 
,h€gher air speeds, finer ligaments are formed which break up t o  form smaller dzops. 
H i g h e r  surface  tension would cause quicker collapse of the ligaments  before  they are 
drawn too  finely and would result in Lafger drops. These t rends are verFpLed  by 
experiment. 

A t  high  relative  velocities between f u e l  and 
breakup of the ligaments, may, i n  turn, be broken 
T h i s  mechanism was studied by FJinze (ref. 11) and 
the cr i ter ion  for  drop breahp is the  appropriate 

by 

P a  r #a 
7F- W e  = 

where 

a drop diemeter 

air, the  drops formed from the  
up as a result of air effects.  
Lane (ref. 12). Hinze  showed that 
value of t h e  Weber number W e  as  

The predicted  value of We for breakup varied between 6 for law-viscosity  liquids 
and 10 for  high-viscosity  liquids  for  the case where the  liquid drop is exposed 
suddenly to a constant-velocity air stream. Under  moat atomization  conditiona,  hm- 
ever, the relative ve lodty  between drop m d  aLr stream decreases rapidly. Lf the 
viscosity  appreciably decreases the rate of drop deformation, the  relative  veloclty 
may therefore be reduced below the  critical value  before  the drop is qqreciably 
deformed. Consequently, the critical initial value of velocity for drop breakup 
under actual atomizing  conditions may be much higher than the  steady-atate critical 
velocity  obtained from equation (6). In  addition, the actual effect of drqp VIS-  
cosity on drop breakup may be much higher  than that predicted from theory. 

m e  (ref. U) investigated the breakup of individual drops when -os& t o  
steady and transient air streams. In one set  of experiments, w a t e r   drop^ having 
initial Blameters ranging from 0.5 to 5.0 millimeters w e r e  dropped into a constant- 
velocity afr stream. A t  a critical relative  velocity between drop and air, t he  
f reely felling drops assumed the form of hollow bags which subsequently burst and 
produced E shower of drops. The re lat ion between drop velocity and diameter at  
breakup could be expressed by the equation 

&d = 612 ( 7 )  

where 

5 
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d drop diameter, mm 
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Urc relative velocity  betueen drop and air at Instant of breakup, m/sec 

Additional tests using liquids having surface  tensions d vmylng from approximately 
28 t o  475 Qnes per  centimeter  establlshed  the rel&tion 

( 8 )  

These results are in agreement with the  p r a c t i o n  of H3nze that drqp breakup is  
associated  with a critical value of Weber number. Experients conducted with high- 
velocity  transient air blasts showed that under these  conditions  thin  layers w e r e  
stripped from the drop surface  before it was appreciably deformed. Drop-size meas- 
urements indicated tht equation ( 7 )  would p r a c t  too great a r a t e  of decrease i n  
drop size a t  the  tery-high-velocity  conditione. Ori the basis of the Hinze and. Lane 
results, average  spray drop size, a8 affected  by drop breakup, would be expected t o  
be larger fo r   fue l s  having higher  surface  tenaions at113 viscoeities. The results 
m i g h t  also be used to estimate maximum expected drop sizes t o  be obtained with aFr 
atomizers. 

Cornsion of d r o p s  with  resulting aggUmeration may cause an appreciable in- 
crease Fn average drop size. Under  the high turbulence  levels in jet-engine c a m -  
bustors,  the roll laion rate might be expected t o  be large, particularly where there 
i s  a l a rge   nWer  of drops per unlt volume of combustion space. Where pressure- 
atomizing  nozzles are ueed, collisions also occur as a result of the difference i n  
velocities of the various s ize  drops. Under high nozzle-pressure-drop  conditions, 
atomization  occurs close t o  the nozale orifice. Smal l  drops decrease rapidly i n  
velocity and tend to coUect near the nozzle. The larger drops, which re ta in   the i r  
ve lodty  over longer distmces, overtake and collide with ama3ler drops i n   t h e i r  
f-ht path. 

The effect  of agglomeration is indicatxd for  pressure-atomizing nozzles from 
determination of me8n drop sizes at various  distances from the nozzle orFfice  (ref. 
15). Agglomeration m e  b e l i e v d  t o  have caused the observed increme  in  mean drop 
s i ze  with increase in  distance from the nozzle. In t e s t e  using the molten-wax 
method (ref.  14) , agglomeration was found t o  be quite pronounced for low-mne-angle 
swirl nozzles  operating at high-pressure drops. 

The effect  of agglcaneration on drop size for the case of air atomization 
is suggested from the experiments deecribed i n  references 15 and 16. In reference 
15, it was found that   the  volume ra t io  of air t o   f u e l  had a pronounced effect on the 
Sauter mean diameter if the  value of t h i s  r a t i o  was less than 5000. For a hydro- 
carbon f u e l  sprayed into air at  room temperature and pressure, t h i s  value  corresponds 
t o  a fuel-air weight r a t i o  of 0.012. . Since  fuel-air  ratios near the  fuel noFzles i n  
turbojet and ram-jet  engines c8n easily exceed this value,  agglomeration may be an 
lnrportant factor in  the  determination of mea drop 8ize. In  reference 16, the  vol- 
ume median drop size for air atomization at sonic air Velocities vas found to be 
primsrrlly a function aF air-to-=quid ,mass-flow ratios. 

Drop-size distribution i n  sprays. - One af the  liquid fuel epray chaxacteristice 
of direct interest   to   the conibustlon-chamber designer i s  the fractional w e i g h t  of the 
egray distributed among the various drop sizes.  Dr~p-p-ize  distribution  relations 
have been used in  the  calculation of theoretical  evqoration rates of- l iquid  fuel  
sprays (ref. 17). Eventually, when the  process of fuel  spray  evqorati-on is bet- 
ter understood, knowledge of drop-stze  distribution ~wiljl be of use- to  the desimer 
in  the  determination of fuel spray evagoratioa rates for  partic- &Signs and 
operatlng  conditions. 

. " 
" 

b . 
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A typical exemple of the drop-size  distribution  for a liquid fuel sprw is 
shown i n  figure I-4(a). Here,  the  distribution is given in  the cumulative mass- 
fraction form; that is, the weight fraction Rs of the total spray  containing d r o p s  
of diameter larger than d. IR figure 1-4(b), the  a81pe distribution i s  given i n  the 
different ia l  form. Here, the area der the curve between two values of d rep- 
resents the weight f ract ion of the   total   spray containing that particular  range of 
drop diameters. 

Since  the  theory of atomization is still  not completely  understood, recourse 
has been made to empirically fit- mathematical  expressions for drop-size distri- 
butions, such as presented i n  table 1-1. Four of the more well-known relations, 
N ~ k i y a m e - T - s a ~ ~  (ref.  E), Rosin-Rammler  (ref.  18), logarithic-normal (ref. 19) 
and upper-limit (ref. XI), are presented in table 1-1. The relations are given i n  
both  the cumulative  mass-fraction and differential forms. In -tion, expressions 
are given for   the  Sauter  mean diameter, one of the more  conrmOn measures of mean drop 
size  (ref. 20). The Sauter or surface mean diameter i s  the diameter of the drop 
having the same surface-to-volume r a t i o  as the SLUU t o t a l  of dl drogs i n  the  spray. 

The general  expression for a m e a n  drop diameter is given by 

a,b constants 

N n W e r  of drops 

. 

1-9 

RE weight fraction of f u e l  spray  containing drops of diameter larger than d 

For example, the  Sauter mean asmeter %2, which involves a r a t i o  of volume t13 
and surface d2, is obtafned by sett ing a P 3 and b P 2. 

The m e d i a s  drop diameter a, may also be ueed. M e d i a n  drop dtemeters m e  
defined as diameters dividing the  spray into two equal p&s, in terms of such prop- 
erties as  volume, surface =ea, or  nmiber. A commonly used median diameter is the 
mass o r  volume  median. 

The Rosin-R&er expression  (table 1-1) is a special farm of t h e  more general 
Nukiyama-Tanasam expression i n  which the exponents b and q have vdues such 
that the different ia l  form is readily  integrated to the  cumulative mms-fraction 
form. Both the logarithic-normaI and upper-limit  relations  (see table 1-1) use 
the followLng expreaeion i n   t h e  normal-probability  distribution curve: 

Y = If(a>l (10) 

In  the logarithmic-normal relation, f (a) has the form d/z ,  where % i s  a constant 
obtained from experimental  data and i s  related to mea drop size. In the  upper- 
Umit relation, f (a) has the form Kd/x&, where K is a constant and x, i s  the 
m a x i m u m  stab> itrop diameter.  his form of f(x) w a s  chosen LII order to  make the 
predicted  frequency of distribution approach zero at a finite drop size, i n  accord- 
ence Kith experLmenta1 data. 
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With the  exception . o f  the logarrithmic-nom+ relation,  the  expressions  in t&le 
1-1 are not based on a physical model' of size  reduction.  Epsteln  (ref. 19) has 
sham that the  size  distribution of crushed solids approaches the logaxithmic-no- 
distribution l a w  asynrptotically as the crushing process is continued,  provided cer- 
tain  conditions of the breakup mechanism are satisfied. However, since none of the 
relations are deriveit on the basis a physical model of the atomization of a f u e l  
spray, the choice of w h i c h  relation  to  use must depend upon the   ab i l i ty  of the rela- 
tion  to  represent  accurately  the experimental  drop-size  distribution  data. In  mme 
cases, the  choice based on accuracy -of representation may be tempered  by ease of use 
of the  relation i n  application to  such processes aB f u e l  spray  evaporation and 
combustion. . .  . .  . . 

The expressions i n  table 1-1 rwuire evaluation of two constants, one a measure 
of mean drop size and the  other a measure of spray .uniformity. The upper-1imj.t 
equation  requires  evalmtion of an additional  constant,  the maxLmum stable drop 
diameter.  Determination of the constants i n  the relations of table 1-1, a s  required 
for the best f i t t i n g  of the  re la t lom to experimentally determined drop-size d i s t r i -  
butions, is  readily accorqlished  by  graphical methods. Functional  scales are em- 
ployed  (e.g., probability paper) 80 that  the data approximate a straight  l ine when 
plotted. Values of the  constants are obtained from the slope8 and the  intercepts of 
beat   s t ra ight l ines  through the data.. However, it i s  noted that the  use of such 
graphical procedurea msy resul t  i n  appreciable e r r o r  (ref. 21). 

O f  the  four  relations in table I-I? the Rosin-Ramler  expression i e  the easiest 
t o  use i n  the cumulative mass-fraction form. In this form, it i s  a simple eqonen- 
tial function, whereas the  other  relations  require use of tables of the incomplete 
gamma function o r  probability  integral. The upper-&imi.t  and logarithmic-probability 
relation8 have the sinplest form in  terms s f t h e  Sau te r  mean diameter. The upper- 
l i m i t  relation follows the trends of eqerimentally determined drop-size d i s t r i b u -  
t ion data more closely i n  that it ia based on the  existence of a maximum stable drop 
diameter. WhFle the other  relations  predict  existence of drops of inf inf te  diameter, 
the  predicted frequency of  occurrence of the  larger-diameter drops becomes quite 
small .  Accordingly, errors  associated with the  predicted occurrence of infinite- 
diameter drops rsay be insignificant  for  the  case where such relations are used i n  
theoretical Etaslyaea of fuel spray  evaporation o r  cpmhuetion rates, particularly 
for  the  case of f i ae ly  atomized sprays. Under these  conditions,  the Rosin-Rammler 
relation  amears to  be the most convenient t o  use. It should be noted, however, 
that appreciable  differencee  betweexl.cglculated and actual mean drop sizes may be 
encountered in  the  application of the first three relations of table I-q paztfcu- 
lar ly   the Nukiyama-Tanasaws relation, to eqeriment,al drop-size distribution  data 
(ref. 20). For example, the Nukipma-Tanasawn relation may e v e  a Sauter mean diam- 
eter larger than that of the  largest drqp found in   the  sample. References 20 t o  22 
give a more complete discussion of the  application, advantages, and disadvantages of 
the r e k t i o n s  of table 1-1. 

Several  other methods of treating  experimental  drop-size  distribution data have 
been reported in the recent ILterattire. Since  these methods have not had much use . 

up to  the present time, only a brief :description- vijl be  given. reference 23, an 
adjustment factor (a function of drop diameter) was- applied tu t h e   l o g a r i t h m i c - n m  
relation  ta  correct for deviation of the experimerxbal data from the  probability 
curve. The primary  prupose of t h i s  adjustment factor  appears to be correction fo r  
the deviation between the experimental and logarithmic-probability  distribution in 
the  larger drop-size  ranges. In reference 24, for  data f h m  a preeeure-atomizing 
nozzle, it was found that a plot af the squsre root of drop diameter gave a bet ter  
straight-line  plot on probability  paper than a. p lo t .  of the diameter t o  the f i r s t  
power. In reference 25, fo r  data from an air-atomizing nozzle, the following d ie -  
trlbution  function gave satisfactory  representation of the experimental data: 
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where 

d drop diemeter 

N nuniber OP d r q s  cotmted 

A i r  Atomization 

O n e  of the most .extensive series of experiments on air .atomization was conducted 
by Nukiyama and Tanasawa (refs. 15 and 26 t o  28). Drop-size distribution and aver- 
age drop size  w e r e  determined for a.raage of llquid properties, flar conditions, and 
atomizer sizes and configurations. With the  exception o f  a few scattered tests, all 
data w e r e  obtained at subsonic air velocities. All tests w e r e  coducted with the  
atomizer  exhausting into room air. Drop sizes were determined by collecting samples 
of the dprsy- on mell oil-coated glass slides. Iphe experimental. r e su l t s  were ex- 
pressed in terms of the Sauter mean aiaraeter d32 calcuhted iIirectly from tkie data 
by the  equation 

?&ere M is the number 
d + M / 2 .  The degree of 
the order of f15 percent. 

of droplets having diameters between d - M / 2  and 
accuracy of  drop-size measurements was estimated to be on 

In  reference 26, e x p e r i m e n t s  w e r e  conducted using water and a converging a i r  
nozzle as shown in figure I d ( a ) .  The S a u t e r  mean diameter was essentially M e -  
pendent of the   s ize  of the air an& water nozzles for water-nozzle diameters f r o m  
0.2 to 1.0 millimeter and &-nozzle diameters from 2 to 5 millimeters.  !transition 
from  laminar to turbulent flow conditions in t he  w a t e r  j e t  appeared to have l i t t l e  
effect on *op size. The Sauter mean diameter WEB found t o  be a function of (I) the 
relative  velocity U between water a& air, and (2) t he   r a t io  of volurie-flow rates 
of air and water dQL. The value-flow rate of air was computed OR the basis of 
the  density at the throat of t he  sir nozzle. The relative  velocity Ur was cal- 
culated from the volume-flow rates and the  cross-eectional a r e a s  a t  the %€moats of 
the w a t e r  and air nozzles. Drop size decreased wlth  increasing QJQ2. However, 
f o r  QJQ2 > 5000, the effect of Q$Qt became negligible, and e2 was invereely 
proportional t o  the relative  velocity. 

In reference 27, similar experiments were conducted with water m d  two atomizers, 
RS shown in figures I 4 ( b )  and ( c) . The data covered a range of nozzle sizes and 
flow conditions. It was concluded that, provi&i.ng the alr velocity i s  based on the  
cross-sectional area of the vena contracta, there i s  no effect of a t o a z e r  conflgu- 
ra t ion OR average drqp size. . Relative  position of t he  water and air nozzles had a 
negligible eFeect on average drop size, even when the water nozzle w a s  w e l l  into the 
vena contracta regLon of the air jet. EIoxever, at greater distances dametream of 
the air je t  where lawer alr velocities would exist, an Increase i n  average drop size 
was obtained. The sizes of air  and water nozzles w e r e  again found t o  have l l t t l e  
effect on average drop size. 
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In reference 15, the NukiyamsiTanasawa distribution  function  (table I-I} w a s  
developed and applied to data from :references 26 27. For high v a l u e s  of QJQz 
and Ur,  the value6 of b and q .i n  this relation were found $0 have values of 2 
and 1, respectively,  for a l l  mzzles. A t  low values of either Q$Qz or Ur , b = 2 
and q < l .  

In reference 28, drop-size  distributions and'average afop sizes were determined 
for the  nozzle  type of figure I S ( c )  over a ran&e of atomizer sizes, f l o w  conditions, 
end liquid  properties. a range of liquid surface- tensions a from 30 t o  73 dynee 
per  centimeter,  densities pz f r o m  0.8 ta 1.2 gramS p&r cubic  centimeter, and v i s -  
cosit ies pz from 0.01to 0.3 poise were obtained by varying the  proportione Of an 
alcohol-glycerin-watw  solution. The effects of f l o w  conditione and liquid  proper- 
ties on average drop size  were correlated by the expressfon 

where the  fuel  propertTes have the units given  previously and Ur is i n  meters  per 
second. The air velocity was calciilated by assuming the vena contracta area t o  be 
0.8 that  of the  air   orifice.  From thie  relation, it is seen that, for  large values 
of QJQ,,. atomization is a function of only relative  vdocity,  surface  tension, and 
liquid  density. A t  lower values of &a/Qz, drop size increaaee and liquid  viscosity 
influences  atomization. 

The experiments of Elukiyema Etnd Tanasawa did not cover the eff'ects of gas prop- 
erties on atamization. However, in reference 29, some limited experimental resul ts  
are presented which indicate the  general effect of gss temperature, viscosity, and 
density on median drop size for venturi atomizers. Comparison of data obtained with 
nitrogen and ethene as t he  atomizing  gases indicated  that.at  constant gas velocity, 
density, and r a t i o  of liquid-to-gas. volume-flow rate, a 60-percent  decrease i n  gas 
viscosity r e s u l t e d  in approximately the same percentage  increase in median diameter. 
The effect of gae density on atomization uas indicated f r o m  comparison of data ob- 
tained with  nitrogen and hellum as the atomizing  gases. A t  constant gas viscosity 
and r a t io  of liquid-to-gae volume-flow rates, a decrease i n  gas  density at the 
atomizer throat f r o m  1.18 to 0.169 'am per liter resulted  in an approximately tm- 
fold  increase in median drop diameter deepite an increase i n  velocity.  Results ob- 
tained wlth an exhaust-gas venturi atomizer idicated that at high liquid-to-gae 
volume-flow ratioe, improved atomization would be expected x i th   the  uee of high 
atomizing-gas temperatures. A t  low ratios of liquid-to-gas volume-flow rstee,  the 
improvement  would be emall. T h i s  resul t  i s  consistent  with  trends euggested. by 
consideration of the lukiyama-Tenaaawa drop-size  correlation  (ea. ( 8 )  ) and effect.e 
of increased temperature on f u e l  viscosity. H e a t i n g  of the   fue l  by the  high- 
temperature  stomizing  gas would r eeu l t   i n  lowered-fuel viscosity. As indicated  by 
equation ( 8 ) ,  t h i s  reduced viscosity would appreciably  affect drop size only at the 
large  ratios of liquid-to-gas volume-flow rates.  ,The effect .would be expected t o  be 
greater  for  l iquids having high viscosity  indices. 

In raerence  30, drop-size measurements were-made for the  atomization of molten 
sulfur in a venturi-type  atomizer. A sketch of the atomizer is preeented i n  figure 
1-6. The throat had a diameter of 0.25 inch. A flared diverging  section was pro- 
vided to reduce wall wetting. The air temperature for a l l  experiments was held at 
approximately 293O F. 

For  subsonic throat  velocfties, the  Sauter mean diameter d32 in microns was 
given by 

. 

" 

. .  
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where the volume-flaw rate of air w- based on conditions a t  the  venturi throat. 
The Sauter mean diameter was given in  t e r n  of .might f lar  by 

where Ur is i n  feet per 
and s u l f u r ,  respectively, 

For a limited set of 

second and Ha aud WZ are   the weight-flow rates of air 
in  pounds per hour. 

data at sonic throat  velocities, 

It was suggested that  equations (15) and (16) could be applfed t o  other atomizere by 
multiplylng W a  and Wz for the new atomizer by (0.25/dt)2 where dt, is the new 
throat  diameter i n  inches. 

It was noted that the data at subsonic air velocit ies were in approximate 
agreement with  the  predictions of the Nukiyama-Tanaeawa equation if approximate cor- 
rections were made for the effect of air temperature on atomization EB found in 
reference 29. 

Air atomization at sonic air velocities w a s  also studied in reference E. All 
tests w e r e  conducted f o r  the atomizers  exhausting t o  room air. Drop samples were 
collected by swinging a.transparent,  oil-coated  plastic sUde across the spray. The 
drop samples w e r e  wed by photomicrographing the slides and countiag the nuniber 
of drops  contained wit& 5-micron intervals of drop aiameter. Results were expressed 
i n  terms of the  volume median drop diameter, t ha t  is, the drop diameter that divides 
the sprey into two groups of equal volume. Three  convergent nozzles and one diver- 
gent  nozzle wme tested. The three convergent nozzles w e r e  scaled in proportion, as 
indicated i n  figure I-7( a). A &etch of the  divergent  nozzle i e  shown in  figure 
I-?(b) . 

The resul ts  of the tests for w a t e r  atomization are presented in figure 1-8, 
where the volume median diameter i s  plotted against the water-to-air weight-flow 
ratio.  The atomization w a s  found t o  be ieepement of either afr pressure or x&-- 
flow rate f o r  a constant value of water-to-air weight-flow ratio.  The volume median 
diemeter increased  xith increase in nozzle  size and water-to-air w e i g h t - f l o w  ra t io .  
The nozzle-size effects w e r e  considered t o  be mainly a function of the  air-orifFce 
size. As indicated in figure 1-8, the divergent  nozzle produced Urger  mei j ian  drop 
diameters than the convergent nozzle  having the same throat diameter. This r e s u l t  
might be attr ibuted to wa,ll wetting, since the divergent  portion of the nozzle had 
a -1 included angle. It is noted tha t   t he  results of reference 16 me not in 
accord with  those of reference 30, w h e r e  it was found tha t  drop s ize  WEB a function 
of air-flow rate as well as the r a t i o  of liquid-to-air weight-flar rates. 

Additional tests w e r e  conduct& with the small convergent nozzle  using ethylene 
glgcol and a mixture of methanol snd glycerin. The resul ts  are sham i n  figure 1-9, 
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where volume median drop diameter i s  agdn  plotted  against  the  liquid-to-air weight- 
flow rat io .  It i s  seen that use of ethylene  glycol, a dense, viscoue liquid,  pro- 
duced appreciably larger volume mediin drop t3hmet+s than water ix the methanol- 
glycerin mixt;ure. For purposes of  cotnparison, th5. -jn%p-&ies- of the three liquid8 
at the  conditions used  axe also presented in figure 1-9. On the basis of the  reaults 
shown in   f igure  1-9, viscosity i s  of greater importance than  surface  tension  in  the m' 

determination of the median drop size for  sonic'atomfzers. 

. " 
"I". " .  

I n  figure 1-10, the volume meaiaa drop aianetef i s  plotted on log-log  pgper 
" 

against  the  afr-orifice diameter of the three convergent nozzles fo r  several values 
of t he   r a t lo  of water-to-air weight-faow rate. From the average  value of the  slopes Q 
of best s t ra ight   l ines  through the  data,  the volume  median drop diemeter is  approx- 5 
imately proportional  to  the 0.4 parer of the air-orifice  dismeter. 

In reference 25, t e s t s  w e r e  conducted to  de te rdne  flow characteristics and 
drop-eize  distribution f o r  a p a r t i c W  design  high-pressure air atomizer t o  be used 
with  highly  viscous  fuels in gas-turbine combustors. The general  features of the 
atomizer are presented i n  figure I-=( a). A high rotational speed w a s  imparted t o  
the air by means  of the  helical  swirler in the inner body. Fuel entered  the atomlz- 
in@; sec t ion   in  a radial direction through a narrow gap  formed  between the end of the 
inner body and the  outer  casing. This type of design  presented  the  fuel &B a thin 
film to a high-speed, swirling air stream. Tests w e r e  made for two fuel-gq  vidths 
(0.005 and o -010 in. ) , air pressures from 20 t o  100 pounds per square inch gage, and 
f u e l  pressures from 10 . to  50 pounde per square inch. gage. A l l  data were obtained 
with the atomizer  exhausting t o  room air. Drop sizes were determined by the molten- 
wax method, with the wax preheated t o  simulate fuels having  kinematic viscosities 
of 10 am3 20 centistokes,  respectively. In order to minimize effects of changes in 
viscosity  with coollng on the initial phase of atoslization, the supply temperatures 
of the atomizing air and yax were held at the same value. The experimental dwp- 
size data w e r e  sa t isfactor i ly  represented by equation { 11) . Although the  information 
obtained w a s  insufficient  to determine definite  correlations, the data indicated that 
average drop size  increased wLth (1) increase in  f u e l  flow, (2) decrease i n  air f l o w ,  
(3) increase in fuel  gap, and (4) increase in fuel  yiscosity. It is noted t h a t t h e  
range of ra t ios  of f uel-to-air mass-flow r a t e s  w e r e  appreciably  larger (0.8 to > 400) 
than  those  investigated in reference 16 (0.1 to 0.9). 

In reference 31, additional  tests w e r e  conducted on a W g e r  version of the 
R.G.T.E. air-blast atomizer af reference 25. A sketch of the  larger atomizer is 
presented in  figure I-ll(b) . There i s  some difference tn the  general f eatures of the 
two atomizers of figure I-ll. Earever, the  actual atomizing sections were considered 
t o  have sufficient geometric similarity  to  permit some confidence t o  be  placed on 
conclueions a6 t o  the effect  of atomher size on mean drop size. The experimental 
drop-size data w e r e  again found to be satisfactorily XpRSmted by equation (11). 

I n  figure 1-12, the data of reference 31 are  plotted as the Bauter mean iliameter 
against   fuel-air   ratios fo r  fuel   v iscosi t ies  of 20 and 40 centistokes. An approxi- 
mate correlation i s  indicated. Eowevi?r, -it was no€& i n  reference 31 that, at a 
given  fuel-atr  ratio, ~maller mean drop sizes were obtained a t  the higher f u e l -  (or 
air-) flow rates. This trend is  i n  agreement with the r e s u l t s  obtained i n  reference 
30. 

From comparison of the  drop-size-data  obtained irith €he 1/4- and 1/8-in&- 
orifice-diameter  atomizers, it was concluded that mean drop size wae approxFmately 
proportional  to  the square root of the  air-orifice diameter. This is  in reasonable 
agreement with the data obtaFned in  reference 16 (see fig. 1-10) 
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Pressure-Atomizing  Bozzles 
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The consideration of pressure-atomizing  nozzles in this  aection is limtted to 
the  centrifugal-type, continuous-spray  nozzle. Ichis type of nozzle, whioh is  widely 
used in gas-turbine conibustors, can produce  well-atomized  sprays  wlthout the high 
efflux  velocities and, hence, long penetration  distances of the  simple-orifice noz- 
zles such a s  used i n  Dieael  engines. In addition, i ts  *de dispersion of fue l  i s  
conducive t o  better mixing of f u e l  aml air. 

Unfortunately, mukh of the experimental work on f u e l  sprays reported in the 
l i t e r a tu re  has been concerned with  the  intermittent fuel sprw of the  Diesel engine. 
It i s  only within recent years that much work has been  devoted t o  the snirl-type 
nozzle as a resul t  of the impetus given by i ts  use in aircraft gas-turbine conibus- 
t o r s  and f o r  such l ~ d u 8 t r i a l  purposes as sprsy mng. The two general  types of the 
fixed-configuration  centrifugal  pressure-atomizing  nozzle  used might be classified 
a e  the grooved-core -and the -1-chamber types. In  the grooved-core-type  nozzle, 
the SWFrl required  for the hollow-cone spray is ob-d by using spiral grooves i n  
the  nozzle  insert. In the whirl-chamber-type  nozzle, this swirl is  imparted by 
injecting-the Uquid tangentially into a w b i r l  chsmber. The major portion of data  
reported on drop-size  distribution hss been obtained with the whirl-type  nozzle. 
With. the exception of some limited data on the spill-flaw nozzle (rem. 32 and 33) , 
no published data are available for wide-flow-range nozzles such as the duplex and 
variable-area  atomizers. 

It i s  emphasized that  only a f e w  of the investigations have been of sucb scope 
as to  offer hope of predicting  reasonably  accurate  atomization  characteristics  for 
nozzles,  fuels,  or operating conditions  other  then  the  particulm ones tested. 
hppreciably different variation in  trends and, sometimes, opposite trends have been 
obtain&. or  suggested by different investigators. In addition, all values for aver- 
age drop size and spray  uniformity f o r  centrif'ugal  atomizers have been  obtain& f o r  
fuel  injected  into  quiescent sir at  r o o m  temperature and pressure. Under  actual 
combustor conditions, the fuel spray i s  general ly subjected t o  E blast o f  hfghly 
turbulent  hot gases covering a range of preesure, temperatures, and velocities. 
Quantitative  howledge of the effect of such variables on fuel sprays from -1- 
type nozzles i s  lacking. However,  some trends my be as8umed from results of sev- 
eral  of the  investigations reported in t h e  Uterature. I n  general, data available 
i n  the l i t e r a tu re  on f u e l  Grays i s  sufficient to give  the cambu8tor designer a 
rough idea of the spray-atomization characteristics required for  fuel-spray-burning 
and evaporation-rate  calculations. 

An extensive study of atomization for centrifugd pressure nozzles  operating 
w i t h  f u e l   o i l  was made by Longwell ( re f -  34). DropJsize dfstribution was determined 
by freezing  part of the spray and sieving drops into vmious  size groups. The drop- 
sFze distribution data w e r e  correlated by the   fo l la r ing  equations: 

0.72 X lo4 r h  .0.70V 
a,= 

s i n  g PO.37 
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where 
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a, 
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drop diameter, microns 

mass median drop diameter, microns 

distl'ibution  constant 

nozzle  pressure drop (50 t o  300 lb/sq In.) 

fractional weight of spray cont8i1ling drops of digmeter larger than d 

nozzle-orifice radius, cm (0.04 t o  1.4) 

spray-cone  angfe (SO0 t o  120°) 

kinematic viscosity, cm2/sec (0.08 t o  0.8) 

A plot of the  distribution  constant is presented  in-figure 1-13, The distribution 
constant is a measure of the weight fraction of the spray contained  within a given 
range of drop diameters about the most probable drop iliameter. Larger values of n 
axe associated  with large fractions of the spray contained  within the  given  drop-size 
range and consequently a t h  a more uniform spray. 

Several  correlations have been presented that were based on drop-size data ob- 
tained by B a r e n  and Joyce trith the molten-wax  methcd (ref. 35). Needham (ref. 32)  
obtained the follcvwing correlations: 

(1) For  Joseph Lucas and Compaqf simplex atomizers of optimum cone angle (80° 
t o  goo), pressure  drops f r o m  6 t o  125 pounds per square inch, flow nwnbere from 0.5 
t o  4.15, and a molten-wax viscosity of 2.2 centistokes, 

S O  m 25 
182 - p0.4 

microns 

where 

VI flow rate,  lb/hr 

x size  constant i n  Rosin-Raarmler diatributioh  function  (table 1-1) 
- 

( 2 )  For a limited  set of data with a Power J e t s  Limited spI.11 flow atomizer, 

1 .. 

.* 

F r o m  a dimensional analysis and the  correlation based on the Lucas atomizers, 
Needham suggested a general relation for  particle size  given by 



. 
%0.5 cI 0.45 ,0-05 

Average drop s i ze  a 27E 
p.b 
0 - 225 
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Average drop s i ze  a 27E 

p.b 
0 - 225 
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(23) 

8 
w 
4 

where 

a, or i f i ce  diameter 

U Z , ~  velocity of l iquid a t  o r i f i ce  

B spray cone angle 
* - The  Needham correlation  (ref. 32) W&B considered to be a special case of th is  rela- 

tion. N o  experimentd  verification of the relat ion was given. 

In reference 36, the  drop-size data for two Monarch nozzles having rated capac- 
i t ies  of 3.0 and 17.5 gallons  per hour w e r e  correlated in  terms of the Rosfn- 
Rammler  distribution  function. Molten wax, simulating kerosene, was sprayed into 
room air. Nozzle pressure drops ranged from 25 to 150 pounds per square inch. Drop 
sizes w e r e  determined by measuring photogrqhs of representative saqples of the 
solidified droplets. The final results w e r e  expressed  by  the following equations: 

3.0-gallon-per-hour Wnarch nozzle, 

” 

- 
x 3 494 P- o.= microna (25) 

17.5-gallon-per-hour Monarch nozzle, 

The spray cone angles of the nozzles were not  reported. 

Bowen and Joyce (ref. 35) obtdned  correlations based on the complete set of 
* molten-wax data up to  that time. A l l  the  data w e r e  obtained vlth the  molten wax 

hsv ing  a viscosity  simulating that of kerosene  (approximately 2.0 centistokes). 
The major portion of the data was obtain&  with  Joseph Lucaa and Company whirl-type 
centrifugal  atomizers. The general features of the swirl chambers of these atomizers 
are given i n  reference 37. !The following correlations were given: 

L 
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log d32 - 2.6164- - (0.3712 - 0.-0258 F) l o g  P 

log 5; P (2.7008 t 0.02162 F) - (0.3358 - 0.02427 F) l og  P 

where 

F f lox number; equals 1 . 2  times nozzle  output in gal/hr divided by  square root of 
pressure drop i n  lb/sq in.; uaually  determimd at, a pozzle  pressure drop o f  
l&l lb/sq in. . - . . .  . . "" . ."" - I . .  " 

The distribution  conatant n in the Rosin-Rammler distribution l a w  (table 1-1) can 
b.e obtained from th8  equation 

where 

r gamma function 

The effects of  cone angle on atomization were not appreciable  for  pressure drops 
above approximately 30 pounds per square  inch. For low pressure drops (approxi- 
mately 10 lb/sq i n . )  and for cone angles less than  approximately 75O, there XBE a 
rapid increase i n  drop size with decrease in cone angle. Cone-angle effects  pre- 
dominated in t h i s  operating region. U s e  of the  preceding  relations for estimates of 
atomization in the low-pressure-drop ran~e was recommended only for atomizers of 
optimum cone angle. Iphe relations would give too low an estimate of drop size f o r  
narrow-cone-engle &OmiZerS in t h i s  region. l o  estimate of the  sccuracy of the cor- 
relations uas given. 

In reference 38, the drop-eize data considered  by Bowen and Joyce (ref. 35)  was 
reanalyzed  using  the  multiple-regression  technique. An equation for  the  Sauter mean 
diameter of the form used by Bowen ahd Joyce was obtained and i s  given by 

log d32 P 2.6447 - (0.3970 - 0.03153 F) log P (32) 

This  equation gave an accuracy of &22 -9 percent. 

The bats w e r e  also correlated in terms of an equation of simpler form given  by 

Log d s  5 2.6219 - 0.3395- log P 4 0.1979 .log F ( 33) 

mia equation gave an accuracy of k23.3 percent. A;n additional  errelation  includ- 
ing  the  effects of cone angle waa given  by 

log dS2 = 3.5060 - 0.5853 log P t 0.08171 k g  F + 
0.02531 F log P - 0.01743 $ + O.oooO8236 + 0.002467 $ Log P (34) 

R 
*, 

4 - . .  

.. . 

$ cone angle, aeg . .  . .  
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This equation gave an accuracy of D. 1 percent. Use of this q l i c a t e d  equation 
w not  considered -anted except under exceptional  circumstances. 

All the  data of Joyce and Hopkins considered in the  foregoing correlations w e r e  
o b t d e d   f o r  a molten-wax viscosity of approximately 2.0 centistokes. However, 
Joyce (ref. 39) has presented a graph  giving the  resul ts  of some preliminary tests 
on the  effect  of viscosity on surface mean diameter. A t  a nozzle presswe amp of 
100 pound8 pek. square  inch, an increase i n  kinematic  viscosity frcm 2 t o  18.5 centi- 
stokes  increased  the  surface mean diameter fram approximately 97 t o  140 microns .  

A study of spatial   aray  distribution,  drop-size  distribution, and capaclty of 
centrifugal  pressure-atomizing  nozzles was reported  by T a t e  and Marshdl (ref. 24). 
The drop-size  distribution data w e r e  obtained  with  pooved-ciffe-type commercia m z -  
zles and dyed w a t e r .  spray sampies were collected in  guss-bottom c o u e c t a   c e l l s  
f i l led with a solution inrmiscible with water. Drop sizes w e r e  determined from a 
v i s u a l  count of photomicrographs of the samples. Mean drag s i z e  and spray uniform- 
i t y  were expressed i n  tews of or i f ice  dtameter and calculated  tangential & vert i -  
cal   veloci t ies  of the spreyed liquid. These velocity components  were "superficial 
average" velocities, the tangential component being based on ccmditions jus t  ugstream 
of the  orifice,  and t h e   v e r t i c d  component on the asslmrption of a full-flowing ori- 
fice. Graphs and equatione w e r e  presented that permit the calculation of drop-size 
distribution for the par t icu laz  nozzles and aperating  conditions  investigated. A 
method w a s  suggested that might permit use of the  correlation  for whirlJchaniber-type 
centrifugal  nozzles. However, no ConfirmatioD of this method was givm. Bo data 
were o b t d n e d  to permit estimation of drop-size  distribution for l iquids other than 
water. However, a limlted set of data w a ~  obtained glving the  effect  of vfscosity 
on mean drop s ize  for one grooved-cme nozzle  operating at constant  pressure. When 
kinematic  viscosity w88 increased from 1 t o  7 centistokes, mean drag size  increased. 
from approximately 54 t o  78 microne. The relatLon of Longwell (r&. 34) for the 
effect  of pressure drop, or i f ice  diameter, cone angle, aad viscosity on mean drog 
size  did not f i t  the data obtained i n  this investigation (ref. 24). 

W n e r  and Moulton (ref. 23) obtained drq-size dis t r ibut ion data for several 
commercial grooved.-core and whirl-chaniber-type centrifugal  pressure  nozzles. Organic 
materials that solidified  well  above room temperature w e r e  a p r ~ e d  into room air. 
The solidified droplets from the ent i re  apw w e r e  collected, and a represenwzive 
sample was analyzed by v i s u a l  count under high magnifYcation. Graphs and equations 
are  presented (ref. 23) that permit  calculation of drop-size d i d d b u t i c n  for  the 
particular  nozzles and operating  conditions  Fnvestigated. Data w e r e  obtained  over a 
limited r a g e  of surface  tensions and viscosities. The data indicated that mean i h q  
aize was ppport iond.   to  (1) surface  tension to powers from appro xi ma^^^ 0.5 t o  1.0, 
(2) viscosity to the 0.25 power or less, (3) weight-flow rate to   the.  -0.,38 t o  -0.58 
power, mEi (4) or i f ice  diameter t o  approximately the 1.5 power. The effect of =quia 
density on atomization m s  not determined. If the  correlation is expressed in terms 
of injection  pressure aFf"Perentia1 88 a miable, the m e a n  drop 'size would be approx- 
imately proportional. t o  the square root of the  orifice diameter, a result i n  agree- 
ment with  references 32 and 35. The correlations of reference 23 predLct surface 
tension  effects that are appreciably greater t h a n   q e c t e d   ( e . & ,  ref. 39). However, 
in reference 40, tests on a swirl-type  pressure  atomizer indicated. that  the changes 
in surface  tension to be found &ong the  various hydrocarrbon-type fuela would have 
a negligible  effect on average  drop s ize .  Viscosity WBB considered to be  the domi- 
nant fuel  property in the  determination of fineness of atomization. Since the tests 
covered a three-fold change in  surface tension,  the  conclusions of reference 40 
appear t o  be more justified  than  those of reference 23, wbich Were based on Uta for 
a very mall change in surface tension. 

L 
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In reference 41 some drop-size :measurements &e reported for ho~-cone and 
solid-cone commercial nozzles spraying inta r o w  ab .  water was used for d l  t e s t s .  
With  one exception, the  nozzle-pressme d r o p '  was 50 pounds per square  inch. @ray 
samples were collected on greased glass slides and vere photographed and measured 
under mEgnification.  Reasonable agreement was found between the observed drop-size 
distribution and values  obtained by other  investigators (ref. 42) w i t h  the sme type 
nozzles. The results  indicated no significant  difference  in mean drop sizes pro- 
duced by the  houar-cone and solid-cone-type  nozzles. On the basis of the combined 
data  for  both  type  nozzles, it was concluded that the mass median diameter was 
approximately proportional  to  the  orifice diameter. This would be in agreement with 
the  conclusion of Longwell (ref. 34).-  However, it i s  noted that, if the  data were 
restr ic ted to  those  obtained  with  the hollow-cone nozzles, the mass medlan m e t e r  
would be approximately praport lonal t o  the 0.6 power of the orif ice  diameter, a 
rrwlt similar to  that reported in references 23,  32, and 35. 

The mejor portion of the  drop-size  distribution  data  for  centrifugalpressure- 
atomizing  nozzles was obtained  by some version of the molten-wax  method. In this 
method, a w a x  or  other materla3. that melts w e l l  above ruOm tenqerature is  eprayed 
into room Bir. By appropriate choice of material and preheat temperature, the 
initial viscosity of the gprayed liquid at the nozzle can be set a t  the des*& 
value. The droplets  freeze i n  flight and are collected. Drop-size distribution i s  
determbed by the   f i l t r a t ion   o r  sedimentation method oLby microscopic measurement 
of a representative sample ( ref .  43). There fa some question as to   the   va l id i ty  of 
data obtained by the molten-wax method. A limited set  of data by L o w e l l   ( r e f .  34) 
suggests  that this method may give a higher mean drop size  than would be obtained by 
using  the ac tua l  liquid  the molten wax i s  Fntended t o  simulate. I n  these t e s t s ,  tV0 
o i l s  were 6pr-d into s t i l l  afr. One o i l  was preheated in order to reduce I t s  
viscosity to that of the lese viscous oil. The tests indicated that the preheated 
o i l  gave a higher mean drop size. &is x ~ 8  attributed by L~ngwell t o  the  increase 
i n  viscosity of the  preheated o i l  as it wa8 cooled during atomization. A s i m S L a r  
effect would be expected for the molten-wax  method. 

L 

" 

r 

Sunnaary Cormnente on Ut i l i t y  of Puel-AtomFzatlon D a t a  

For eatimates of drop size , to   be expected with 'air atomizer8  operating at sub- 
sonic  velocities,  equation (l.3) i s  recommended. It i s  noted, however, that t h i s  
re la t ian is  limited ta the case of air at  77O F and atmo&h&ic pressure  in the atom- 
izing  section. Rough corrections for changes Fn teqerature,  density, and viscosity 
of the atomizing  gas may be made on the basis of the dah of reference 29. 

For air atomizers  operating a t  SOWC velocities,  the  results of references 16 
and 31 indicate that average drop size may be approximately correlated. fn t e r m s  of 
the  ra t io  of liauld-to-air weight-flow r a t e  IJi/Wa, average drop size  decreasing 
with  decrease fn Wz/w,. The data of references 16  and 31 indicate that alerage drop 
stze fa approximately proportional to the  square  root of the  afr-orififice  diameter, for 
atomizers of similar shape. The data of reference l6 suggest that   fuel  viecosfty 
has a greater  effect  than  surface  tension  for  sonic air atmizers.  Air atomizers 
appear t o  be a particularly  effective means for  obtaining  fine ~ p r 8 y s  xith  highly 
viscous  fuels (20 to 40 centistokes) . 

i 
- 

- 

* 
The major portion of the drop-size data obtained w%th swirl-type  pressure 

atomizers indicates that average drop size is approximately proportional t o  the 
square root of the orFfice diameter and to  the  pressure drop to the -0.4 pouer. At 
constant atomizer size, the average drop size increases with  decrease i n  epray-cone 
angle from the optimum value (SOo t o  looo) . This increase  in drop size becomes  *more 
pronounced at the lower nozzle-pressure drops. 

a .  
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For swtrl-type  atomizers  operating  with  kerosene-type fue l s  and having optimum 
cone angles, equation (33) gives an approximate indication of the  average drop size 
t o  be expected. The accmrracy and limitations of the  available  correlations f o r  drop 
size do not  appear t o  -ant their  use for more than rough estbaatea of atomization 
for atomizers  other  than  the ones investigated. 

The available data indicate that average drop s i ze  is spproximately proportional 
t o  the fourth root of the f u e l  viscosity. Insufficient data me  available to indi- 
cate quantitative  effects of fuel surface tension on atomization. In reference 23, 
t he  average  drop size vas found t o  be proportional to f u e l  surf ace tension t o  the 
0.6 to 0.7 power. However, in  reference 40, the  surface-tension effects appear t o  
be minor. SFnce the .surface-tension range for most hydro-bon fuels is quite 
narrow, the   effect  of surface teneion on average drop size can  probably be neglected. 

F u m E V ~ O H  

The evaporation of the atomized f u e l  i s  the second major step of the fuel-  
prepaxation  process in J e t  engines. B o t h  combustor performknce aad required com- 
bustor length ere influenced by the rate of vapor formation. A knarledge of haw 
the  spray  evaporation  process is affected by the air-flow conditions,  fuel-injection 
conditions, and fuel   type is  therefore important. In this section,  the steady-state 
evaporation of s a l e  drops and sprays into static am9 dgnamic surroudings fmd into 
both low- and high-temperature surroundings is considered. The unateady-state proc- 
ess existing  during  the initisl pericd. of drop evaporation is ale0 discussed. 

In addi t ion  to  rate considerations, the vapr-llquid  phase-equilibrium condi- 
t ions must be included in an ELnalysis of spray  evaporation. Although the fuel 
injecteh into jet engines seldom a t t d n s  phase equilibrium, the maximum munt of 
spray  evaporation is represented  by such conditions. For low-temperature operating 
conditions aDd f o r  fue l s  of low volati l l ty,   the phase-equilibrium codi t ions  me 
important factors t o  be considered fn  an evaluation of the fuel spray  evaporation 
process in  jet engines. 

Equilibrium Flash  Vqorization 

Under some operating  conditions and fo r  the luwer-volatility fuels, the fract ion 
of f u e l  evaporated be limited to a Uw v u e  regardless of the time allareit for 
evaporation (ref. 44). Such conditions are reached when the vapor cancentfation of 
the fuel-air mixture reaches i t s  saturation value. For multicoqonent fuels, the 
calculation of this limiting  value of percentage evaporate& i s  based on the  equillb- 
rium flash-vaporization curve, ach may also be used t o  estimate corditione re- 
quired f o r  partial or  complete vaporization of fuel in the f u e l  - lubricating-oil 
hest exchanger. 

For fuels  havlng known constituents, the equilibrium flash-vaporizatfon curve 
at a given  pressure and temperature may be calculated  by simultaneous solution of 
materlal balance  equations and equilibrium relations for t he  individual constituente. 
Such a calculation procedure might be appUed t o  the case of petroleum fractions  by 
assmning the f u e l  t o  be comgosed of a finite mnfber of indLvidual constituents. 
However, such method8 are general ly Impractical for petroleum fractions, d re- 
course has been made to empirical correlations that permit  estimation of the equilib- 
rium flash-vaporization curve fmm d i s t i l l a t i o n  curves. I n  references 45 and 46, 
graphs are presented  that relatc the atmospheric  equLlibrlum flash-vaporization 
curve to the  true  boiling  point and the  A.S.T.M. an8Lybical d i s t i l l a t i o n  CuTVB8. 
Two methods are a v a i l a b l e  f o r  correcting the atmospheric equilibrium flash- 
vaporlzation curve t o  other  pressures. For vapor pressures belox and sl ight ly  above 
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atmospheric  pressure,  the  flash-vaporization curve 1s assumed t o  shift paranel t o  
itself. The shift i s  hased on‘ a particular  point on the atmospheric flash- 
vaporization curves, which is treated a s  E pure compound on a vapor-preesure chart. 
In  reference 45, the  base point i s  taken as the intersection between the atmoepheric 
f lash and d i s t i l l a t i o n  curves. In reference 47 the base point 1s taken as the 40- 
percent-vaporized  point on the atmospheric  flash-vaporization curve.  For correction 
of the atmospheric  flash-vaporization  curve t o  higher  presaures,  the recommended 
procedure is based on the  construction of a phase diagram on a Cox-type vapor- 
pressure  chart (refs. & and 47) .  

I n  order t o  relate initial and final conditione fo r   t he  caaes  of evapura-Lion 
with  or  without  the  presence of air, the energy equation i s  applied, assuming an 
adiaba6ic mix- procees. E kinetic energy is neglected,  the energy equation i s  
given  by 

where 

f f uel-air r a t i o  

hl,a  enthalpy of air prior  to vaporizatfon 

hl,f,f enthalpy of fuel prior t o  vaporlcation - 

%,a enthalpy o f  air at  end of Vaporization 

%, f,t enthalpy of =quia f u e l  a t  end af vaporization 

h,f, enthalpy of vqpor f u e l  at end of vaporization 

X f ract ion of fuel vaporized 

Far petroleum fractione, the enthalpies required i n  the use of the energy equations 
may be eatinat& from empirical  relations  available in reference 45. 

From Dalton’s law,  the f u e l  vapor pressure % . ambient pressure p, and 
fract ion of f u e l  vaporized may be related by 

> Y’ 
1 Ma 

%xyl * %  
L C X f  

Ma 

::Tu. “2.rzP t i o m  (35) and (36) the  equilibrium  flash-vaporization curvee, 
t he   f i na l  temp ature am3 percentage of f u e l  vaporized may be related t o  the  fuel-  
air ratio,   the t o t a l  pressure, cud the  inlet temperatures of the  fuel and air. 

are the molecular weights of the   fue l  vapor and air, respec- 

Within the  specification U t a  of J e t  fuels,  there may be rather vide v a r i a -  
t i o n s   i n  the A.S.T.M. d i s t i l l a t i o n  curve. These variations are re f lec ted   in  the 
equilibrium  flash-vaporization  curves and, consequently, msy result in  appreciable 
changes in  the  conditions required t o  obtain  various  degrees of flash  vaporization 
in  the combustor o r  heat exchanger. In order ta i l l u e t r a t e  the effect of f u e l  
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variations on f l a sh  vaporization, t he  preceding  calculation  procedures were applied 
t o   t h e  A.S.T.M. d i s t i l l a t i o n  curves for JP-4 fuel presented in figure 6(c) of ref- 
erence 423. This figure i s  reproduced i n  figure I-l&. The atmospheric equilibrium 
f lash-vaporization  curves  corresponding to the three A.S .T.M. d i s t i l l a t i o n  curves of 
figure 1-14 w e r e  calculated  by  the method of reference 45. The fuel vqor  pressures 
and the  temperature-enthalpy curves corresponding to  the three fuel? w e r e  also cal- 
culated  by  the method  of reference 45. 

In figure 1-15, the percent  fuel evaporated is plotted  against the inlet air 
temperature for  several  values of ambient pressure and a fuel-air r a t i o  of 0.06. 
The curves w e r e  calculated from equation (S), assuming the inlet temperatures of 
f u e l  and air to be equal. It i s  seen that inlet air temperatures on the  order of 
250' F are required t o  achieve complete vqorizat ion of the fuel. A t  lower aLr 
temperatures, the limitations imposed by equilibrium considerations would have a 
pronounced effect  on the  vaporization rate. The limitations could result in appre- 
ciable differences between a c t u a l  evaporation rates and thoae  calculated on the  basis 
of the common assumption of Z e r o  f u e l  vapor pressure in the atmosphere surrmnding 
i n d i v i d u a l  drop s I 

Drop Evaporation in to   S ta t ic  Surroundings 

Drop evaporation  theory. - Steady-state evaporatdon from drops into static 
surroundings provides a simple i l l u s t r a t ion  of the principles involved,in evapora- 
t i on  over wide ranges of conditions. The evaporation rates so determined may be 
applied t o  conditions of low relative  velocity between the f u e l  drops and the a i r  
stream in combustors. The assumea physical model i s  shown i n  figure 1-16. Vapor at 
the saturation  pressure far the drop-surface temperature diffuses   to  the surrounding 
atmosphere. The drop-surface temperature is a t  E value below tha t  of the  surroundings 
such that heat is transferred to   t he  drop a t  a rate w h i c h  is  Just adequate to supply 
the necesaexy heat f o r  t he  evaporation. 

The evaporation rate of the droplet c8n be expressed i n  te rms of either mass- 
or heat-transfer  equations. In the derivation of these equationa, it is assumed 
that a quasi-statio- state exists such that the vapor concentration and tempera- 
ture gradients around the drop are, at every  instant,  those correspondJng t o  equilib- 
rium values  for the exiating bop size. This assumption has been shown to be correct 
t o  a high degree of approximation In reference 49. It is &so assumed that the tem- 
perature in the drop inter ior  i s  constant at its equilibrium value. Far the condi- 
t ion of sphericel syarmetry, the  differential  heat- and mass-transfer  equatiotu  for a 
spherical surface at a distance r from the drop center are given  by 
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moleculerr weight of diffusing vapor 

evaporation rate of drirp : 

ambient pressure 

vapor pressure of diffusing vapor 

universal gas  constant 

radial distance from drug centbr 

temperature 

drop-surface temperature 

thermal  conductivity of vapor-air mixture 

In equation (37), the te rm 9 , ~  (T - TO) represents  the  enthalpy change of the f u e l  
vapor between the  drop surface and the  surface  considered. This relation  equates 
the  heat  transferred by mass mvement of t h e   v q o r -  to that tranaferred by therm81 
conductivity.  Equation (38) ts the application of the Stefan diffusion equation 
(ref. 50) t o  drop evaporation. 

For  evaporation in s t a t i c  surroundings, these  equations axe Integrated between 
the drop surf ace and i n f i n i t y   t o   o b t a i n  the following equation: 

where 

pf, v,o vapor pressure of aFfPusing vqmr at drop aurface 

T. teqerature at an infinite dietame from drop 

For these  integrations, O P , ~ ,  Xu and &/T were assumed irdepenilent of tempera- 
ture, and represent mean values between the drop surface and the surroundings. The 
vapor partial pressure in the surrounding atmosphere was assumed to  be zero foz the 
integration of equation (38) . 

dr6 surface and surrotndings is emall compared with  the  latent  heat of vaporization, 
equatfon (37) reduces to the following  relation: 
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This equation i s  similar in form t o  that of sinple heat t rans fer  to a sphere i n  
quiescent surroundings. Similarly,  for  evaporation where the  vqor  pressure a t  the 
drop surface is small oampared with the to ta l  pressure,  equation (40) rduces  to 

This re lat ion i s  the Langmuir equation  (ref. 51) . Equations (41) and (42) we of 
similar form, i l lus t ra t ing  the malogy between heat and mass transfer. Equation (42) 
has been experimentally verified  with drops of several r e l a t i v e l y  low-volatility 
l iquida evgporatjmg I n t o  low-temperature surroundings (refs. 52 t o  56). The equation 
was found t o  be va l id  at total   pressures  near  atmospheric. 

From equation (42) , the drop-evaporation rate per  unit drop-surface area is 
inversely  proportional to the drop diameter. In addition, this rate is inversely 
proportional t o  pressure as determined  by the  pressure dependency of the  diffusion 
coefficient.  Therefore, for s u f f i c i e n t u  small drops or  l o w  total pressures,  the 
evaporation rate per unit area as obtain& from equation (42) becomes peater than 
the  theoretical  mxlmum evaporation rate i n  a vacuum, as determined by gas kinetics 
(ref. Si‘). The maximum evqoration rate for  a drcrp evqorating  isothermally in a 
vacuum is glven by the following equation: 

where 

cy mean molecular velocity of vapor 

QG accomdation  coefficient 

The  accommodation coefficient  represents the fraction of vapor  molecules w h h h  con- 
dense as they  strike  the llquid surface. 

- 

The case of evaporation of very wall drops w a s  treated  theoretically by Fuchs 
(ref.  58) . In this analysis, diffusion wae consider& to start at a distance approx- 
imetely one mean free path from the drap surface. The dropevaporation rate accord- 
ing t o  this model is described by the following equation: 

where . 

Q distance between drop surface and surface where diffusion i s  assumed to start 

For drop diameters large compared with $, thls equation  reduces t o   t h e  Langmuir 
equation.  For  very small drops, the  aecond term in  the denom€nator approaches zero, 
and the  evaporation  rate approaches tha t  of a drop evaporating i n  a vacuum as given 
by equation (43). Simi-ly, fo r  the larger size  drops, this   theoret ical  maximum 
evaporation r a t e  i s  approached at sufficiently low pressures where $ again i s  
large cornpafed w i t h  the drop diameter. 
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This theory has been verified  experimentally a t  l o w  pressures  (refs. 59 to 61). 
Evaporation rates ofdlbutyl   phthalate ,   butyl   s teeate ,  and straight-chain  paraffin 
hydrocmbon drops approXima-i;ely 500 lpicrone Fn diameter w e r e  determined  over a range 
of temperature from 60° t o  1050 F and a t  pressures. down t o  0.1 millimeter of mercury 
absolute. Eowever, for  most applications,  the use 6f equation ( 4 4 )  i s  not  neceseary. 
A t  8-t~nospheriC pressure,  the  effect predickd by Fuchs would be negligible f o r  drops 
larger  than 1 micron. 

Other factors which affect predicted values of drop-evaporation rate are  the 
drop surface tension and free convection. The carrection f o r  the effect of surface 
tension on the saturation vapor pesaure of tbe drop has been &own t o  be insig- 
nificant  for  drops larger than 1 micron (ref. 59) . For evqoration in low- 
temperature surroundings, the  influence of free convection on the experimental 
results i s  also minur, if the drop diameters and containing  vessel are small  
(ref. 55). 

Evaporation into high-temperature surroundings. - Drop evaporation kt0 high- 
temperature s t a t i c  surroundings has not been studfed  extensively. Most of the 
applicable experiment& work in this region has been done vith  s ingle  burning drops 
in quiescent atmosphere$. The burning  drop has been considered tibeoretically as a 
Bpecial case of evqoration, where the heat  for  vaporization i s  aupplied from a 
burning zone surromdtng  the drop. 

For tbe high-temperature  evaporation case of burning drops, the  heat-tranbi-r 
equation i s  used. The drop surface  temperature i s  'assumed t o  be th&t of the f u e l  
boiling point a t  the  given tdxJ. pressure. fllhe error involved in t h i s  assumption 
is minor because of the  large temperature difference8. A deta i l6   d i scuss ion  of the 
burning of %ingle drops, together d t h  the available experi&ental data, i s  pre- 
sented i n  chapter PLI. 

The sensible heat change of the diffusing vapor mecy be large campaxed with  the 
latent  heat of vaporization for evaporation into high-temperature s u r r o u n d i n g s .  
Consequently, serious er rors  in the  drop-evqoration rate may result if this enthalpy 
term i s  neglected. In figure 1-17, t he   r a t io  of the evaporation rate predicted by 
the  simple heat-transfer  equation t o  that predicted by the equation  accounting fo r  
the   fue l  vagor enthalpy i s  plotted  for  isooctane and water droplets  evagorating in 
quiescent  surroundings at various  temperatures. A large  difference between the two 
rates is obtained with isooctane drape at the  high& temperatures. The effect  i s  
much less with water droplets  since w a t e r  has a high  latent  heat of vaporization. 

D r o p  Evaporation under Forced Convection 

Drop evaporation under forced-convection  conditions M e r e  from evaporation 
into  quiescent surroumiings in two important respects. The aesumptione of i n f in i t e  
film thickness and spherical symmetry are not applicable t o   t h e  case of drop evapora- 
t ion   in to  moving fluids. 
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As is shown in figure I-=, the Local transfer rates change over the drop sur -  
face. In this figuxe, local transfer rate expressed as  a fraction of the  transfer 
rate at the f o d  stagnation point i e  plotted  ainst  the  angle from the forward 
stagnation  point. These data w e r e  obtained by Fr  T essling (ref. 62) for   the sublima- 
t i on  of a nqhthalene bead. From boundary-layef cd~ddw&t~ions,  the local  transfer 
rate would be expected to be a maximuin at the forward &agnation  point & decrease 
g r d u a l l y  t o  a minimum at the  separatlon  point. The data of figure 1-18 appear t o  
follov this type of change. Ram and Marshall (ref. 63) aetermined the temperature 
profile arounhan evaporating water drop. These  measurements also indicate a grad- 
ual decrease in the local  transfer rate from the  maximum vslue at the forward 6%" 

nation  point. 
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Correlations of the drop-evaporation r a t e  Mer forced-convection conditions 
neglect  the changes in the local. transfer rate a d  use an averqe  value for the 
entFre  sphere. The t o t a l  drop in either  temperatme  or partial pressure of d i f fus iw  
vapor i s  ~ ~ s u m e d  t o  take  place amass a stagnant film. Thee correlations axe based 
on heat-transfer &e- w e l l  RS mass-transfer  relations. For the case where the dr?p 
teuperature is  at its equFli.brim d u e ,  the  heat- and mass-transfer  equatiom  gener- 
ally used are,  respectively, as fol love:  

d e r  e 

Wu Nusselt number for heat wansf er 

NU' Busselt number for transfer 

%M Logarithmic mean pressure of uondiffusing &as 

pV,@; partial pressure of dtffusing vapor in  f l u i d  stream 

Tg t w e r a t u r e  of fluia stream 

Heat-transfer  correlations. - Several theoretical  treatmedie of the  heat trans- 
fer  to spheres i n   f l u i d  streams have.been reported. Johnstone, Pigfor&, and Chapin 
(ref. 64) assumed that the  velocity of the f lu id  around the sphere is  tangential   to 
the surface and equal t o  the egproach velocity. For R e y n o l d s  nunibere greater  than 
200, the resulting  equation i s  

NU = 0.714 (Re)1/2 (Pr)u2 

where 

~ p , ~  specific  heat of surrounding f lu id  

R e  Reynolds nuniber, durpg/pg 

Ur velocity of fluid s t r e a m  re lat ive to  the sphere 

xg thermal conductivity of surrounding fluid 

(47) 

%3 
density of s" f lu id  

For Reynolds n ~ m b e r a  apprdaching zero, the   solut ion  for   this  model resu l t s  in a 
limiting Nusselt nuniber equal t o  2, aa  is required  for  heat  transfer from a sphere 
into s t a t i c  S u r r O L U l a i n g S .  

Drake, S u e r ,  and Schasf (ref. 65) followed the asswrptione described i n  ref- 
erence 64, but used a differkt method for obtaining  the  solution. For Reynolds 
numbers belaw 1000, the two solutions differ. Kudryashev (ref. 66) also obtained 8n 
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analytical  solution based on the thermal boundery layer. The valuee of NU6Selt 
number predicted  by  the  various  theoretical  treatments are compared in   f igure  I-= 
over a range of Reynolds numbers from 30 t o  2OOO. 

An extensive  survey of published  data on heat- and mass transfer  to  spheres XBB 

described by Williams (ref.  67) . The suggested  empirical  correlation of the  heat- 
transfer  data i s  given by the following equation: 

NU = 0.37 (Pr)1/3 

In the range of R e y n o l d s  nlmibers less  than D O ,  the  data khowed coneldereble 
scatter. This range w a s  recently  investigated by rang, Duncan, and Schweyer (ref. 
68). In t h i s  study, heat-trmsfer rates for steel. spheres i n  air streams were 
determined. The resulting  carrelation i s  as follows: 

Nu = 2.1 + 0.37 (49) 

A similar investigation has been described  by Kramers (ref.  69). 

Ranz and Marshall (ref. 63) determined the  evaporation rates of suspended water 
and  benzene drops  over a range of Reynolds numbera from zero t o  200 and at air tem- 
peratures from 80° t o  400° F. For evaporating w a t e r  drops, the data were correlated 
by the following relation: 

Nu = 2.0 + 0.6 ( R e ) @  (Pr)1/3 

Ingebo (ref. 70) determined evaporation rates of nine  pure Uquids i n  air 
st rema having temperatwee r u n g  from qpximajdy 80° to 1000° F. A liquid 
drop was simulated by means of a wetted cork @here having an average diameter of 
0.69 centimeter. Reynolds nunibers rab@;ed from 1600 to 5700. Kuseelt number w a s  
correlated in term of ReynolCLa nuuiber, Schmidt number, and r a t io  of thermal con- 
ductivity of the air & the diffusing vapor. In s later report (ref. 71) data were 
obtained in air far. static pressures from approximately 1/2 t o  2 atmospheres. The 
majority of theee experiments w e r e  corducted at room temperature. I n  order t o  ex- 
tend the correlation, an additional limited set of data was obtained fo r  evaporation 
into streams of helium, argon, and carbon dioxide. The final  correlation (ref. 71) 
i e  given by 

Nu = 2.0 c 2.58 [ ReSc* ($)]o"" [(?,""I 
where 

bg,w maas diffusion  coefficient, &O,/R!r 
- 
C root mean square molecular velocity of surm- f luid 

Dv diffusion caeff ic ient  " - - r .  -- - . . .  

d drop diameter 

g gravitational  constant 

2 mean free molecular path of surroumling fluid 

M, molecular weight of diffusing vapor 

. 

. 

. 

# 
". 

. -. .. 

+ .. 
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R gas  constant 

A 

.i . 

T temperature 

U r  velocity of gas stream re la t ive   to  dmp 

nv theruial conductivity of diffusing  vqor  

In  equation (51) p is evaluated at the bulk tenq?erature of t he  surrounding 
flufd. The  thermal  condgctivity terms and bgJw a;re evaluated at the average tem- 
perature between the drop s u r f a c e  teqerature and the   f lu id   bu lk  temperature. The 
terms 2 and c are eva lua ted  a t  t he  drop eurface  temperature. 

In figure 1-20, a camparison of the  various  predicted end experimental data fo r  
heat  transfer  to  spheres  in a i r  i s  presented. The Prandtl mniber of t he  R a n z  anh 
~arshall (ref. 63) WiUlsms correlations (ref. 67) i s  that of dry air. ~n the 
correlation of reference 70, Scl and the r a t i o  X$.v w e r e  assume& equal to unity. 
me correlation factor g 1 / 3  was cacula td  f o r  air. 

Another investigation of drop evaporation in high-temperature air streams was 
reported by Gohrbandt (ref. 72). The evaporation rate of -her spheres was deter- 
mined over a range of Reynolds  numbers from 100 to 2000 and sir temperatures from 
about 85O t o  930° F. The evaporation rate w a a  found to  be  proportional  to the drop 
diameter and the  square root of the Reynolds nufber. 

Mass-transfer correlations. - A thearetical agproach to mass t ransfer   for  
spheres in moving f l u i d s  waa described by Johnstone and MeinSchmidt (ref. 73) . I n  
t h i s  analysis, it w a s  assumed that the sphere contacts a cyli&ical tlibe having an 
inner diameter equal t o  that of the sphere and a thidmese equal to *e distance a 
diffusing molecule could t r a v e l   i n   t h e  time the sphere naves 1 diameter. Increasing 
the relative  velocity between the  sphere and surrowding gas decreases the  available 
diffusion t i m e  and, therefore,  the  thickness of the  imaginazy tube. All molecules 
ContaFned within the tube 8re considered t o  be absorbed. The Nusselt number f o r  
mass transfer  obtained from this approach is 

where 

pm log mean presswe of surroundin@; f lu id  

Sc Schmidt number,  pg/pgDv ~ 

U s e  of the diffusion  equation in correlations of drop-evaporation data is 
limited t o  evaporation in relat ively low-temperature surroundings, since this equa- 
t i on  is very sensitive to  werimental   error6 i n  the drop aurface  teqerature  st t he  
higher  surface vapor pressures. However, several mags-tranefer  correLations fo r   t he  
evaporation rate of droplets in room-temperature a b  have  been reported. 

Williams (ref.  67) correlated  the  mass-transfer data of ,Frksel ing (ref. 62), 
Johnstone and Williams (ref.  74) Powell (ref.  75) ,  and McInness (see ref. 67) - The 
recommended equations  for  the  mass-transfer  Nusselt axe as follows: 



1-30 

Nu' = 1.5 (Re) (i3c)lI3 5 R e  < 400 

Nu' P 0.43 ( S C ) ~ / ~  400 < R e  c d' 
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(53) 

Maisel and Sherwood (ref.  76) reported data on the evaporation of w a t e r  and of 
benzene frcw  porous  spheres. The data f o r  w a t e r  were in good agreement with equa- 
t i on  (53). Deviation of the data fo r  benzene wa6 attr ibuted t o  incomplete wetting 
of the sphere. 

Fr6essIAng (ref.  62) correlated data fo r  evaporation of water, &line, naph- 
thalene, and nitrobenzene  lato air streams at room tenperatme. The data w e r e  ob- 
tained over a range of Reynolds  numbers  from 2.4 t o  750. This  correlation may be 
written in the  following form: 

Nul = 2 + 0.55 (Sc) 'I3 (54) 

The mass-transfer  correlation of ~ a n z  and Marshall (ref. 63) i s  .as fo~lows:  

NU' = 2 c 0.60 (Re)g2  (6c)v3 

This  correlation i s  at' the same farm as their  heat-transfer  correlation,  but  with 
the  Prandtl  number replaced  with  the.Schmidt number. Sn reference 63 it i s  i l l u s -  
trated that the  Uta of Fr(;essling (ref. 62) Sna of Maisel and Shelrooa (ref. 76) 
agree closely wlth this correlation- 

Another correlation on drop evagoration haa been described by Kinzer and Gunn 
(ref. 77): 

Nu' = 2 + 0.564 F, (Re)lI2 (&)1/2 

w h e r e  F, is  the ventilation  factor. This equakion w e  used to express  evaporation- 
rate data obtained fo r  water drops falling f reely a t  their  terminal velocities 
through air at room temperature. Drops with diameters from 20 to 4200 microqe were 
studied. AppllcatiOn of the experimental data t o  equation (56) indicated that the 
ventilation  factor FY varied from zero t o  a value greater than 2 in the  range of 
Reynolds n W e r s  smaller than 100. For Reynolds  nuuibers greater than 100, F mw 
approximately  equal to 1. As noted in  reference 77, the water drop evaporation data 
for  the  higher Reynolde number range would be  adeqliately correlated by equation (54) 
if the  constant were reduced from 0.55 t o  0.505. This represents  a  difference i n  
the  calculated Nusse l t  number of approximately 7 percent for e e m o l b  nlrmb-6 from 
100 to 750. 

Uns  teadyatate Drop Evaporation 

The final case  of-aingle-drop  evaporation t o  be considered is  that  of unsteady- 
state evqoration. Here, the initial drop temperature i s  above o r  below i t s  equilib- 
rium value and consequently changes with time. Eat& theoretical and experimental 
work has been reported  for this case. 

Topps (ref. 78) studied evqoration rates of mall drops falling through a 
high-temperature atmosphere. I n i t i a l  drop diameters ran@& from qproximately 300 
t o  550 microns. The reeults for this rather narrow range of drop diameters indi- 
cated  that  the  evworation rate varied approximately as the 4.5 parer of the initid 
drop diameter. Thie large  reduction in evaporation rate with decrease in initid 
drop diameter was attributed. by Topps to the conduction of heat t o  the drop interior, 
whlch reduced the  heat  available  for.  evaporation of the smaller drops. 

.* 
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mer and Gunn (ref. 77) have described an investigation of the  time-rate of 
change in the  average  temperature of falling w a t e r  drops. A simplified theoretical  
expression w a s  obtained  for  the time required for the  drops t o  reach 63 percent of 
t he  equilibrium-temperature  difference. Thermal conductivity of the drop inter ior  
was assumed to be infinite. Satisfactory agreement was found between the predicted 
and experimental  values. 

R e c e n t l y ,  E l  W a k i l ,  Uyehara, and mers (ref.  79) described -an anglytical s t u d y  
of the  unsteady-state  evaporation of pure  liquid drops for  conditions simLlar t o  
those existing i n  jet-engine combustors. In this  analysis,   the  thermal  coauctivity 
of the drop inter ior  w a s  also assumed t o  be W h i t e .  Motion pictures of t he  dr-  
d a t i o n  of metdlic powders within the evaporating  drops  disclosed wreciable 
internal  circulation  currents and indicated that the assumption of infinite thermal 
conductivity is SubstantiaJJy  correct. Temperature-tlme, mass-time, and penetration- 
time histor ies  w e r e  cdcula ted  for drops evaporating i n  air. This type of calcula- 
t ion  involves  the simultaneous solution of the heat-transfer,  mass-transfer, and 
drop-motion equations. 

A typical set of resul ts  i s  presented i n   f i g u r e  1-21. In t h i s  figure, percent 
evaporated, re la t ive ve loc i ty ,  and drop  temperature are plotted w ~ d ~ ~ t  time in 
milliseconds. The calculations are for an  ieooctme drop having an initial diameter 
of 50 microns, initial temperature of 50° F, a d  in i t ia l   ve loc i ty   re la t ive  to &r of 
100 feet per second. The air was assumed to be at a pressure of 1/2 atmosphere and 
at  a temperature of lDooo F. For t h i s  fuel, the amount of heat going to the drop 
inter ior  far ace- that supplying latent heat of vqorlaation  during the mafor 
portion of the unsteady-skate period. Calcuhkions of t h i s  type indicate that, at  
high air temperatures and for  high-volati l i ty fuels, the unsteady-state period  rep- 
resents a large  part  of the vaporization time. 

Additional Drop-Evaporation Consideratione 

Ranz and Marshall (ref.  63) have investigated the evaporation rate of water 
drops containing  dissolved and s~spendd solids. For drops containing solids i n  
solution,  the initial evapora-hon'rates were those to be expected for  saturated 
solutions even though the average  concentrations i n  the &ope w e r e  below the satura- 
t i on  value.  For drops containing  solids i n  suspension, t he  init ial  drop-evaporation 
rates were those corresponding to pure w a t e r .  

The contribution of radiant energy in the  evaporation of liquid drops W ~ S  ana- 
lytically investigated in  reference 80. The results of this study  demonstrated that, 
under the conditions normally encountered in je tengine  canibustors, the transfer of 
radiant energy t o   t he  f u e l  drops is negligible unless solid part ic les  are added t o  
the  fuel   to   increase i ts  emissivity. 

In  references 81 and 82, equations are presented t o  determine the time required 
f o r  complete vaporization of liquid drops injected into gaseous streams. Ln these 
analyses, the  relations describing the drag forces are mmbined with  the  heat- 
transfer  equations. D u r i n g  the  acceleration  period,  preheating af the drop i s  
assumed t o  occur. No vqorizat ion is  assumed t o  occw  un t i l  the drop  reaches 
stream velocity. The drop-evqoration-rate  rehtions used in these treatments, 
therefore, correspond t o  that of a drop  evaporating i n  st i l l  air. 

An investigation of the   effect  of turhulence on t h e  evaporation of water from 
spheres has been reported by Maisel and Sherwood (ref. 83). The influence of both 
scale and intensi ty  of turbulence were stuiiied. The results indtcate that increased 
turbulence intensity influences the  buffer and laminar lagers where moat of the 
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resistance t o   W f u s i o n  is located and therefore  increases  the  evaporation rate. 
The scale of turbulence affects only the eddy diff usivity in the fully turbulent 
region, which represents a small. fraction of the  total   res is tance  to   diffusion.  
Thus, increasing  the scale of turbulence does not  appreciably  influence  the evapo- 
ration rate. 

Drop Surface Temperature Determination 

Drop-evaporation r a t e s  are treated in tenne of either  heat-transfer or mass- 
transfer  relations. The uee of either  type of eqytion  requires an accurate h w l -  
edge of the drop surface temperature. For steady-state evaporation, this tempera- 
ture  i s  the wet-bulb teqerature .  Psychrometric data fo r  some vapors, in  addftion 
t o  that for w a t e r ,  are available in reference 84. 

A correlation of drop surface teqerature data i n  terms of the normal boiling 
point of the evaporating liquid i s  described in reference 70.  This equation may be 
written as follows: . .  

where 

Ti3 

Ta, w 

TbR 

temperature of air htc, which &he liquid i s  evaporating, OC 

air temperature at w h i c h  w a t e r  has same drop surface temperature as glven 
liquid, oc 

normal boiling  point of evaporating  liquid, OC 

The term Ta,w is computed from equation (57) and the wet-bulb  telqperature f o r  
w a t e r  corresponding t o  T,,, i e  cletermined  from a psychrometric chart. This wet- 
bulb  temperature i s  equal t o  the drop surface temperature of the  evagorating l i q u i d .  
The data f o r  t h i s  correlation were obtained  with  nine  pure  liquids and a t  8 t o t a l  
preseure  equal to atmoapheric and n i th  air temperatures from 800 t o  675O F. 

The drop surface temperature may also be determined from a simultaneous solution 
of the appropriate  heat- and mass-transfer  equations.  This approach was  employed Fn 
references 63 and 85 for  the c&Be of drop evaporation under forced-convection con- 
ditions. In these  treatments, Russe.lt number correlations for heat and mass tranafer 
w e r e  used t o  express  the  influence of the forced convection on the drcrp-evaporation 
rate. 

Recommended Drop-Evegoration Relations 

Either  heat-transfer  or  me-transfer  equations m a y  be used to  predict  drop- 
evaporation rates. For  evaporation i n  high-temperature surroundings, however, the 
heat-transfer  equation i s  preferred becauae of the. eensttivity of the vapor-pressure 
term i n  the dfffusion  equation a t  the higher surface vapor pressures- For evapora- 
t i on   i n  very-high-temperature surroundings, drop-evaporation rates  may be predicted 
by wing the heat-transfer  equation an& assuming the drop surface temperature t o  %e 
at the  liquid boiling point  for  the given total  pressure. 

Drop-evaporation rates i n  quiescent surroundings may be  obtained by use of 
equations (39) and (40). Equatfon (39) may be used in .  the simplified form of equa- 
t i on  (41) fo r  evaporation in low-temperature surround~ngs.  Quation (40) may a lso  
be used in the s i q l i f - d  form of  equation (42) far Low-volatility  liquids. 
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Theory 

Ektension of single-drap data to sprays i s  difficult, since both drop-size d i s -  
tr ibution of the  spray and relative  velocit ies between the air and drops muat be 
known. 'In addition, there are such complicatFng factora as drop distortion, unsteady- 
state evagoration, and interaction between drops.  

Several  theoretical  analyses of spray  evaporation have been made by using single- 
drop relations in conjunction  with assumed dmp-slze  distributions. One such analysis 
i e  that described by Probert (ref. 17). . In t h i s  treatment, all drops were assumed to 
have zero relative  velocity d t h  respect  to the aFr. The spray was assumed t o  follow 
the Rosin-Ranmiier distribution  equation  (ref. 18) . The evaporation rate of the single 
drops w a s  defined  by an equation 8" to that of Langrrmir (ref. 51) - With t h i s  
analysis,  the  fraction of unevaporated sprsy d r  EL given  period of time w a s  cal- 
culated but w a s  not checked experimentally. 

Another theoretical  treatment of spray  vworization has been presented  by 
Tribus,  Klein, and Rembaraki (ref.  86). Zero relative  velocity between the  adr and 
droplets was assumed. The spray-evqoration rate in t h i s  a n a l y s i ~  is  expressed i n  
terms of the wet-bulb depression of the injected liquid. It is shown that, given an 
i n i t i a l  .drop-size spectrum, successive  spectra may he  deduced by  calculating  the 
var ia t ion   in  drop size of the largest drop and relating all other drop sizes to 
t h i s  &DRIDL 

Experiment 

Because of the lack of experimental data on both drop-size d i s t r i b h i o n  and 
r e l a t i v e  velocity between drops and air, it i s  generally  impractical t o  apply 
evaporation-rate  relations for single drops to spray  evaporation. Some attempts t o  
measure directly  the  spray-vaporization rate in air streams have been made. An 
investigation of this type  has been described by Fledderman and Hauson (ref.  87). 
The influence of turbulence and air velocity on the  spray-vaporization rate was 
studied. A theoretical  analysis of spray  vaporization was also included in this 
study. Frgessllng's equat€on for single-drqp evqoration (ref. 62) w a s  combined 
with the  drop-size  distribution equation of Nukiyama and Tanasawa (ref. E). The 
resulting  expression, however, i s  very complex. 

The experimental measurements w e r e  obtained by sampling hexane sprays at vari- 
ous distances downstream of a hollow-cone spray  nozzle. The percentage of evaporated 
spray w a s  fietermbed over a limited range of air velocities. The results tdlcated 
a strong dependence of evaporation rate on the  relative  velocity between the drops 
and the air stream. Increased  turbulence  intemity w a s  also found to increase the 
sprw-vaporization rate. The test results, however, a d  not  provide  conclusive 
information on the  effect of scale of tmbulence on the evaporation rate. 

The results of a few measurements of the  evaporation rate of kerosene s p r a y s  in 
essentially still air have been reported by Sacks (ref.  88). In this program, kero- 
sene w a s  injected from a swirl-chamber fuel nozzle at pressures of 50 and 80 pounds 
p e r  square  inch. Over this range of conditions, 0.2 to 0.3 percent of the spray 
was found t o  evaporate  per second, compared with  a value of approximately 50 percent 
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per second as calculated by using t h e  La-n$muir equation (ref. 51) and the  Pelation 
of Probert  (ref. 17) . This large  difference between predicted and experimental 
values was attributed  primarily  to  the  inability of the Lsnepnuir equation to   p red ic t  
evaporation r-kes for single drops when i n  a cloud of drops. 

The evgporation of fue l  sprays 'in high-velocity a;lr streams has also been 
discussed i n  reference 89. In t h i s  investigation,  the  fuel was injected contra- 
stream from a. simple orifice, and the  evagoration rates w e r e  determined by s q U n g  
the  sprays. The influences of air temperature, air veioclty, ambient air pressure, 
f u e l  temperature, and axial distance from the  fuel .   or i f ice  on the  percentwe of -ray 
evaporation were investigated. In most of these measurements, a hydrocarbon fue l  
with a narrow boiling ran@;e O f  317O ' t o  346O F was ueed. 

A study of the  effect  of the air-flow and fuel-injection  parameters on the 
evaporation of gasoline-type fuel   qrays  has   recent ly  been  reported i n  reference 90. 
Thfs program was conducted by injecting  isooctane  contraatream from a simple orif ice  
into air flowing through a duct 8 inches i n  dismeter. Both the  total-fuel and 
l iquid-fuel  distribution BCTOSG the. t e s t  a c t  w e r e  d e t d n e d  by sampling 
measurements. 

The ~easurements were made over ranges of air: tem)?erature,.,gr  velocity, air 
pressure,  fuel-injection pressure, fuel-orifice size,  and &al distance  fr&  the 
fuel   or i f ice .  These ranges and the resulting correlation of the measurements are 
illustrated i n  figure 1-22. The measuremnts w e r e  correh ted  by the following 
expression: 

" . 

9.- 
1 

where 

P fud-injection  pressure drop, ~ b / s q  ~n. 
p air pressure,  in. Hg abs 

T~ air temperature, OR 

U, air velocity, ft/sec 

x fraction of spray evaporated . .. 

z axial  distance from fuel  o r i f i c e ,  in. . . . . . . . . 
. . -  

The r e l a t i v e   e f e c t s  of the vqiabables on the-  spray-evaporation rate are indi- 
"bed by the  eqonents.  The large influence O f  air .temp&ature is  erldent. In 
comparison, the effects  of the other variables axe minor. The evaporation rate was 
essentially unaffected by changes in the d3smeter:of the fuel   or i f ice .  

SIGNTFICANCE OF P M M a A T I O N  Awl EVA€ORA!CION RESEARCH IN APPLICATION 

The two general  types of fuel-atmizing system considered f o r  gas-turbine or 
ram-jet applicatian. are  the air atomizer and the-Fxrbifugal  pressure-atomizing 
nozzle. Of the two systems, the  air atomizer is capable of Pi'Odi~Lng much smaller 
average drop sizes. The air atomizer has a l e o  been consiaered for the atomization 
of highly vlscoue fuels. - 

A correh t ian  (eq. (13)) is available for a venturi-type air atomizer. However, 
no &ta are available for atomieation under the high-turbulence-level conditione 

c 
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found i n  ram-jet-type in s td l a t ions .  If use& as a rough firs t  estimate of drop s ize  
for a ram- jet  i n s t u a t  Ion, equation (13) would probably give a somewhat larger 
average drop s i ze  than the  actual value. Equation  (13) was obtained for  air at 
approximately room pressure and tempei.ature. Rough estimates of drop size  for other 
gas conditione may be obtained from the da- of reference 29, w h i c h  indicate  that  
average  drop s i ze  increases with a decreaae in gas  density,  viscosity, and 
temperature. 

The experiments on sonic-velocity air atomizers m c a t e  that the  average  drop 
size i s  a function primarily of t he   r a t io  Wl/Wa of =quid-to-air mass-flow rates, 
the average  drop s ize  decreashg with  decrease i n  W&ia. Sauter mean diameters 
below u30 inicrons w e r e  obtained, even fo r  an initial liquld  viscosity of 40 centi- 
stokes ( see ref. 31 md f ig .  I-lZ(b) ) . The data of references 16 anB 31 m c a t e  
that the average drop size i s  approximately  proportional' t o  t he  square  root of the  
o r i f i ce  diameter f o r  atomizers of similar geometry. 

The major portion of drop-size data for  centrifugal pressure-atomizing  nozzles 
has  been  obtained for  fixed-configuration  nozzles  by uae of some version of t he  
mrlten-wax method. Correlations have  been obtdned  (eqs. (29) t o  (34)) that 
permit rough e s t a t e s  of atomization f o r  fixed-configuration,  whirl-chanber-type 
nozzles  over a range of nozzle sizes and operating  pressures. However, these cor- 
relations w a e  for m l t e n  wax simulating  kerosene d having a kinematic viscosity 
of qproximately 2.0 centlstokes. D a t a  of references 23, 34, and 38 indicate that 
average drop size generally  increases  rather slowly with increase in viscosity. In 
reference 23, mean drop size was found to be proportional to viscosi ty   to   the 0.25 
power o r  less. A limited set of data in reference 23 indicated that mean drop size 
was proportional to  surface  tension  to powers from appro-tely 0.6 to  unity.  
However, data of reference 40 for a wide range  of  surface  tension irdicate tha t   the  
effect of surface tension on average drop size i s  minor. Since the range of surface 
tension covered by hydrocarbon-type fue l s  is  quite narrow, it would appear that the 
effecks of surface tension on the  atomization of such fue l s  can be  neglected. 

Data of reference 36 show that   there  i s  an optimum cone angle which gives the 
smallest average drop size  for a given  nozzle  size,  operating  pressure, and fuel. 
Thie  optimum cone angle i s  generally b e t w e e n  800 and 900. A t  low nozzle-operating 
pressures,  the cone angle exerts a predominant influence on average drop size. In 
t h i s  operating range, there i s  a large increase fn average drop s ize  as the  cone 
angle i s  decreased from i ts  o p t i m u m  value. 

All drop-size data fo r   t he  centrifugal pressure-a-tamlzing nozzles w e r e  obtained 
foy the  nozzles spre3ring into  quiescent room air. Accmdhgly, estimates of average 
drop size obtained from these investigations would be higher than the actual  values 
fo r  a turbojet   installation w h e r e  f u e l  i s  sprayed into high-temperature, turbulent 
gases .  

The effect  of various abient conditione an the  steady-state  evagoration of 
pure  liquid drops may be readily predicted. L i t t l e  work has been done on fhe evap- 
oration of multicoqonent =quid drops. The unsteady-state  period of drop evapora- 
t i o n  has also been investigated (refs. 77 t o  79). The analysis of reference 79 
indicated that, at high a i r  temperatures and with high-volati l i ty  fuels,   the 
unsteady-state  period  represents a significant  part of t he  evaporation t h e .  

E i the r  heat-  or mass-trmf er equations may be used for the  prediction of 
single-drop-evaporation rates under steady-state .conditione. For evegoration in 
high-temperature surroundings, however, the heat-tranefer  equation is preferred in 
view of the sensi t ivi ty  of the vapor-pressure term in the  diffusion  equation at the 
higher surface vapor pressures. For evagoration"into  very-high-tenperature surround- 
i n g s ,  the  drop surface  temperature may be assumed equal t o  the liquid boiling  point 
for the given t o t a l  pressure. 
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Single-drap-evaporation rates i n  static surroundings may be  obtained by use of 
equations (39) and (40). Equation (39) may be used i n  the simplified form of qua- 
t ion (41) for   evqorat ion i n  lm- t eqpe ra tu re   su r roengs .  Equation (40) may ale0 
be weed in t he   sbq l i f i ed  form of equation (421 for lov-volatility liquids. 

Far evaguration under forced-convection  conditions and low-teqerature sur- 
roundings, equations (45) and (50) have been shown to  give  accurate  prediction of  
drop-evaporation rates. For evaporation  into  high-teqerature and varying  pressure 
f h i d  streams, equation (51)  should  be used. 

The evaporation of f u e l  sprays has been investigated  both  theoretically and 
experimentally. The theoretical analysee are generally not qpUcable,  since  they 
assume zero relative velocity between d r o p e  an8 ah?. Eaerimental results fo r  
spray  evaporation i n  afr streams  axe quite  limited. The most complete study w a s  
for  contrastream  Fpjection of isooctane frm a simple ar i f ice   into air streams. 
Fbr this mae,  the weight percent of the sprag evaporated may be  predicted with 
equation (58). This correlation imlicates the  rel+tive  iqortance of the air-flow 
and fuel-flow  parameters on the  evaporation of volatile-fuel sprays i n  air streams. 
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(a) Rotationally 0ymmetri.c oscillations. 

(b) Wave formation. 

Figure 1-1. - Disturbance of low-velocity  liquid  Jet. 
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(b) Antisymmetric wave formation ( ref .  6 ) .  

0 
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(c) Spnbtric wave formation (ref. 7). 

Figure 1-3. - Wave formation for l iquid sheets. 
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Figure 1-4. - W l  sprag drop-slze dfstribution. 
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(a) Converging nozzle. (b) 120' Knife-sdge nozzle. (a) StraQht-bored nozzle. 

Blgure 1-5. - A i r - a t d z b g  nozzles (refs. 15 and 26 to 28) .  

. I . , t '. €)a6 ' # 

. .  . . .  . . . . . . . 



NACA RM WIU7 

Sulfur inlet . 

1-49 

L- Atomizing 1" 
2 
air line " - - 

Figure 1-6.  - Venturi-type sulfur atomizer (reprinted by permission 
from ref. 30) . 
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(a) convergent nozzles, 

pigure 1-7. - S d o  air-atomizing nozzles (ref. 16). 
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Figure 1-8. - Effect of water-to-air weight-flow ratio on volums median 
drop diameter (ref. 16) .  
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Figure 1-9. - Volume median d r o p  diameter obtained w l t h  sonlo air at&=- 

t im (ref. 16). - 
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Figure 1-10. - IWfect of air-orifice diameter of sonic 
air  atomizer on medias drop diameter (ref. 16). 
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(a) 1/8-kch orifice. 
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(b) 1/4-kch orif ice. 

Fume I-ll. - High-peesure air a t d z e r s .  
f refs. 25 and 31). 
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0 10 20 50 60 
Fuel-to-air weight-flow r a t io ,  f 

(a) Fuel viscoeity, 20 centistokes. 

Figure 1-12, - Sauter  mean diameter against %el-air ratio 
for 0.25-inch atomizer (ref. 31). 
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Figure 1-13. - Distribution constant f o r  a fuel-oil spray 
(ref. 34) . 
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Figure 1-14. - Variation of A.S.T.M. disti l lat ion tempera- 
tures for MIL-F-562M grade JT-4 fuel. 
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Fuel droplet 
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Figure 1-16. - Model for evaporation of droplet under static 
conditions. 
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Figure 1-17. - Effect of enthalpy change of UfAreing vapor on calculated 
evaporation  rates of water and ieooctane drop. 



IUCA RM E54107 1-63 

. 

\ 

0 40 80 120 160 
Angle from forward stagnation point, deg 

200 

Figure 1-18. - Change i n  local heat-transfer  rate over surface 
of a  sphere i n  air stream. Reynolds nuniber, 136 (ref. 62). 
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Hgure 1-19. - Pregcted Nusselt rnmbers for heat transfer f o r  s p h s  in air. 
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F'igure 1-20. - PreaIcteB and experimental Ifusselt I.lumbers for heat transfer for spheres la  
air. 
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Flgure 1-21. - Unsteady-atate evaporatloa of isooctane drop into air .st looOo P and 0.5 
atmosphere. Drop Mameter, 50 mlcrone; initial drop temperammz, SO0 F; initial drop 
velocity, 100 feet per second (ref. 79). 
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Air pressure,  Fuel-injection Axis1 dletance Orifice 
in. a aba pressure drop, f rom injector, diameter, 

lb/sq in. in.  fn. 
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B&ure 1-22. - C p r r e l a t l m  of perwntage fuel spray mpmatad for aoatraatreanr w e e -  
tlon of ~ o o c t s n e  f r a n  a eimple a r l f i c e .  Air velooity, to 350 feet per second; 
alr temperature, 80° to 390° B (ref. 89) .  
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By Wilfred E. Scull and W i l l i a m  R. Mickelsen 

INTRODUCTION 

The principal purpose of the conibustion  chamber In  a jet engine is the effi- 
cient conversion of chemical energy  contained i n  a fuel in to   the  heat and kinetic 
energy of the exhaust gases. The energy  conversion must occur eff ic ient ly  not only 
i n  terms of the completeness of the conibustion reaction, but  also i n  an aerodynamic 
sense. Aerodynamic efficiency  iraplies an efficient  introduction and distribubion 
of air in. a combustion chamber fo r  the purposes of burning a fuel-air mixture, and 
a dilution of the conkustion  products to the  desired  temperature l e v e l  and proper 
temperature  profile.  In many instances, conibuetion efficiency may be sacrificed 
fo r  aerodynamic efficiency, and vice versa. 

According t o  various  authors, the conibustion problem may be quite u g e l y  aero- 
dynamic in character. This was recognized i n  some of the earliest reaearch on 
turbojet  engines  for aircraft propulsion (ref. I), In  which it was found that dif- 
ferences  in conibustor perfomnce i n  e@ne t e s t s  and single-conibustor tests .could 
be traced directly t o  differences  in  the manner i n  which a i r  flowed into  the com- 
bustion chaniber. I n  similar tests (ref. 2) with a sector of an annular conibustor 
i n  a stationerry test f a c i l i t y  and the  entire combustor ins ta l led   in  a full-scale 
engine, dlfferences i n  air flow at the combustor inlet resulted in  var ia t ions  in  
combustion efficiency and poor temperature distribution a t  the combustor outlet. 

The Iqortance of aerodynamics i n  the problem of conkustion is  further empha- 
sized  by  the fact that E finely  dispersed  spray of l iquid fuel or a portion of com- 
bustible gas w e l l  mixed w i t h  stoichiometric  proportions, of air w i l l  nat; -Ignite and 
form a stable flame front at velocities greater than the velocity  of laminar flame 
propagation  (approximately 1 to 2 ft/sec for most hydrocarbon fuels), unless the 
aerodynamic flow pattern is such that localized  vortices, zones of flow reversal, 
or a slouly moving boundary layer exists in   t he  combustion zone. To s tabi l ize   the 
flame at  the high velocities encountered In jet  engines, it is  therefore  necessary 
to  create  low-velocftyiregions i n  which the flame can originate o r  else  establish 
an aer~ayaamic flow pattern such that  localized  vortices or zones of  flaw reversal 
are created. Such vortices o r  zones of reverse flow allow the cmbwtible. mixture 
t o   a t t a i n  local velocities  necessary  for  high mass flow without exceeding transla- 
tional  velocit ies that could  cause instabi l i ty   of   the  flame front. 

The object of this discussion is the consideration of aerodynamic relations 
applicable t o  the design of  coxtibustion chambers of jet engines. Experimental and 
theoretical  data relating combustor approach-stream parameters, conbustor pressure 
losses, gas jets of many types, and orifice coeff’icients are included. Aerodynamic 
m i x i n g  i s  discussed i n  term of fundamental turbulent  dtffusion  theories  relating 
heat, mass, and momentum transfer from different  sourcee  in  various types of flaw 
fields.  he effect  of periodic flow fluctuations on dfffusion is discussed. 
Fuel-air mixing is presented i n  t e r m s  of spreading of l iquid and vapor fuel f r o m  
aeveral  different sources. 
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SYMBOLS . 
The following symbols me used in   this   chapter :  

A 

A *  

a 

a* 

B,B' 

B* 

b 

C 

cD 
cf r  

'h 

dc 

C 

"p 

D 

% 

D2 ,f 

DM 

9r 
d 

dn 
d' 

E ,E  ,E" 

F 

F cn 

cross-sectional  area 

r a t i o  of  one  of two parallel-jet  areas t o   t o t a l  mixed-jet area 

distance  betueen  vortices in single row 

f lam-hold- width 

dimensionless qwntitie.6 

function of flow rates, velocities,  areas? and angles between two mix- 
ing  jets 

constant 

concentration 

drag coefficient of droplet 

dimensionless friction  coefficient 

orifice  diecharge  coefficient 

function of flow rates, areas, and total temperatures of two mixing 
jets 

mixing-length  parameter 

isobaric  specific heat . .  
. .  - 

turbulent  diffus Ian coefficient 

coefficient  &urbuhnt dif fus ion o f .  heat 

diffusion  coefficient for liquid fuel. droplets 

coefficient of turbulent  diffusion of mass 

coefficient of turbulent  diffusion of.  momentun! . .  

diameter 

m o ~ ~ c ~ l a r   m u a t o n  coefficient (mass) ' 

duct width 

functions of C 

drag 

spectrum density  function of turbulent  kinetic energy 

s- - - -  

C 

A- 

. I. - " 

" . 

. . . . . . . . 

-1 

4 

. 
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fuel-air r a t io  

b 
4 

. 

f 

f 
fT 

G 

g 

H 

h 

frequency of vortex shedding 

frequency of turbulent f luc tua t ions  

weight-flow ra te  per unit area 

gravitational  constant 

specific ezrthalpy 

depth of rectangular d u d  

ccmlbustion intensi ty  

lateral spacing between vortex rowa 

t o t a l  f uel-spreading  psrameter 

f ract ion of fuel evaporated  before  reaching  point at whfch f is 
measured 

L length 

L* length of duct between ats t ion where bh+ n-er is taken and S t a t i o n  
where choking w o u l d  occur 

Y Lagrangian scale of turbulence 

Eulerian  scale of turbulence 

il penetration of Jet  

M Mach number 

m mmentum of j e t  at any cross section 

l? engine rotat ional  speed 

21 nlmiber 

P,P 1 functions of W,U,u and W,Tt 

pr PrElndtl number 

P absolute  pressure 

diffuser  total-pressure  recovery f actm 
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pt,3/pt ,2 compressor total-pressure  ratio 

4 pressure loss 

4th total-pressure loss r a t i o  

rp'tlsr total-pressure  lose  coefficierrt 

P* 

Q 

4 

R 

R e  

I 

a' 
r 

r C  

rhY 

absolute  preesure  with choked Flaw 

total   quantity of heat tran-ed 

velocity  pressure 

gas const+nt 

Reynolds n d e r  

hgrangian double velacity  correlation  coefficient 

N e r i a n  dcnible velocity  correlation  coefficient 

radial distance . . .  

compressor total-pressure  ratio,  pt ,Jpt ,2 

hydraulic  radius 

. .  

=1/2 half-radtus of axially e$metric  Jet at longitudinal  distance x 

r '  radial distance in disk  murce of radius 8 

r* inside radius of contraatream fuel  injector 

S aisk source radiue 

BC Schmidt number 

8 1ongitudAml  distance from Jet  center  l ine 

40) function of y/yo 

T absolute temperature 

T mean absolute temperature 

T' fluctuating value of absolute temperature 

- 

t time 

t9 characteristic time related t o  Lagrangian scale 

t' time, controlling  rate of fuel injection 
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I 

. 

4 

velocity coqponent in x-dfrection 

turbulent  velocity in x-direction 

time-average of u 

tqbulen t   in tens i ty  in x-airection 

velocity component in r- or y-direction 

turbulent  velocity in y-direction 

time-average of v 

turbulent intensity i n  y-dlrectian 

weight-flow rate 

w e i g b t - f l a r  rate of diffising q p n t i t y  as function of time t * 

w e i g h t - f l o w  rate of diffusing quantity 

turbulent  velocity In s-direction 

time-average of w 

tmbulent  intensity in  e-direction 

distance normal to A, o r  rectangular  coordinate 

longitudinal distance 

distance from junction of two parallel jets 

man disphcernent 

distance from center line of plane-parallel jet 

function of r/ro 

angle between gas stream 

function of pt ana pJ , J  
f luid shearing stress 

r a t i o  of specific heats 

r a t i o  of absolute  pressure to EEACA standard sea-level pressure, p/2116.2 

D i r a c  delta function 

r/x 

function of p and p 
t, J 9 
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adiabatic  efficiency 

r a t i o  of absolute  temperature to W A  standard  eea-level  temperature, 
Tl518.7 

t h e d  conductivity 

range of droplet 

Lagrangian microecale of turbulence 

absolute  viscosity of f l u i d  

kinematic Vi8COSity O f  f lu id  

function of m, r, x, V, and p in laminar fYee Jet 

f l u i d  weight per unit volume 

momentum flui M o c t t y  

. .  

Y/Yo Q1' r h o  

temperature coeff ic ient   in   je t  

approximste mean vorticity 

dimensionless quantity 

atream function 

function of U, DX, r, r 

function of B*, c*, yg , ~3 

standma sq- deviEltion 

standard square deviation evalugted at time t - t T  

mscript s : 

A h-ombustor conditions 

a air 

&p annliius 

B new combustor conditiona 

C cylinder 

C compressor 

cf crossf law 

.-. 

d 
I- o 
I+) 
Eu 

" L 
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w 
1 

c 

. 
c 

COT 

- D 

d 

ar 

at  

E 

e 

F 

f 

fr 

G 

H 

h 

i 

ib  

il 
L 

9 

2 

M 

m 

max 

no 

0 

ob 

OP 

ov 

P 

per 

corrected 

f i r s t  

dFPf UB ion 

droplet 

duct 

second 

external 

in plane of' flame holaer 

fuel 

frictFon 

th i rd  

heat 

or i f ice  

rectangulax coordinates 

inner body 

Jet  

molecular motion 

Lagrangian chaxacterietic 

l iquid 

mass 

-ng 

on &e of $et 

n o m 1  

outer boundazy of Je t  

oblique 

apen 

o v e r 4  

potential  core 

periodic 
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re1 

s 
8 

T 

t 

t u  

u 
U 

V 

W 

X 

Y 

Z 

0 

1 

2 

3 

3' 

4 .. 

reference 

r e l a t i v e  t o  free stream 

stokes' law 

f i n i t e  band width 

turbulent 

t o t a l  

turbine 

momentum 

pertaining t o  x-direction 

pertaining  to  y-direction 

pertaining t o  z-direction 

position relative t o  x-d¶rection 

position  relative  to  y-direction 

position r e - h t i v e  to  z-direction 

time zero 

in mace surrounding Jet 

campressor inlet 

c&ustor iDlet 

longitudiaal position between  combustor inlet and conibwtor outlet  

cordbustor outlet 

free stream 

. . . . -. . . . 

. .  

AERODYNAMIC FLOW 

. 

". . "- 

Turbo j e t  Combustion Chanibers 

The  more important  coxbustor  approach-stream  parameters for a turbojet engine 
consist of inlet-air velocity, temperature, and pressure. A less inrportant param- 
e te r  i s  the ccrmbuetor-inlet velocitg profSLe. Each of these parameters may vary 
over E w i d e  range dependent -on the operational variables of engine  speed, f l i gh t  
Mach number, and flight altitude. The following table indicates  the range of the 
cambustor operating variables encountered during operation of a turbojet engine 
with a sea-level  static compreselon r a t i o  of 11 8 t . a  flight Mach  number of 0.8 a t  
variaue engine speeds and alt i tudes:  

. 



CA 
N m 
4 

P 

Altitude, 
It 

Sea level 

60,000 

Engine 
temperature, pressure, speed 
Inlet Inlet 

in. Eg Etbs op 

Rated 376.5 
64.1 Idle 

708 

120 42.5 Windmill 
215 

Rated 40.3 625 
Idle 6.1 113 
W i n d m i l l  30 2.2 

11-9 

u.i; j 
2.7 

- .  

I n  addition,  sugersonic flight speeds tend t o  increase the range of operating mr- 
iables  s t i l l  further. For emcample, a supersonic turbojet  engine dhich hae a aea- 
level  static conpression r a t i o  of 7.0 w o u l d  have a c&ustor-izllet total tempera- 
ture of 964O F during rated engine speed operation a t  a flight ach mmiber of 2.8 
i n  the stratosphere, 

Generalized  parameters. - Sanders (ref. 3) developed per~omance parameters 
f o r  Jet engines f r o m  concepts of flow shdlarity, inertia, e la s t i c  and V ~ S C O U ~  

forces, and thermal expansions of the working fldd. Dbenaianlesa and corrected 
dimensional generalizing parameters were employed t o  relate e@ne perforntance t o  

the total-temperature  ratio of the engine. For turbojet engines, it WBB &own that 
w the  geometry of the engine  boundaries, the Mach number, the Reynold8 nmiber, and 

" 

. 

engine rotat ional  meed 

pt absolute total pressure 

Tt absolLrte t o t a l  temperatme 

pt at = - 2U6.2 
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t o t a l  temperature T t / e t  at any position in the engine are sribstantially  constant 
for a constant  corrected  engine speed N/ 6. These generalizations are va l id  at 
alt i tudes up t o  40,000 feet. A t  higher altitudes, the effect  of Reynolds nmiber be- 
comes apparent  in  the performance of the compressor. As a result, the  corrected air 
flow w,*/% does not remain constant  for a comtant  corrected engine speed 
N / 6 ,  but begins  to diminish sl&ht ly u i t h  i&easing  altitudes. , This decrease 
is a function of the  p&icularr engine  under  consideration (ref. 4) .  However, 
it haa been shown that Reynolds mmiber has Very l i t t l e  o r  no effect  on the com- 
pressor  total-pressure  ratio at extreme altitude.? i f  the  corrected engine  speed 
remains constant  (ref. 5). 

f 

1 

- .. 

- 
d 

.. -7.- 

IC w 
n New combustor-inlet coadif;iQne can be c4mUt .ed  SS .fopollows;. Let subscrip_f;_s N 

A and B indicate  the known and new inlet conditions,  respectively, while sub- 
scr ipts  2 and -3 denote the compressor inlet and the combustor Inlet, respectively. 
Then 

.. " 

where Bt and are evaluated at the  etatiom  indicated by the subscripts. The 
value of the compressor-inlet  absolute t o t a l  temperature 4 , 2  used i n  the  deter- 
mination of et  i n  equation (2) can be obtained-from  the  expression 

where 

M, f l i gh t  Mach  number 

T, ambient absolute temperature 

y specific  heat  ratio 

Determination of the  compressor-inlet  absolute  total  pressure  p used i n  deter- 
mtnation of S, in equation (3) requires a bowledge of the diffuser t o t a ~ p r e e s u r e  
recovery factor. Losees in t o t a l  pressure fn the engine inlet   d i f fuser  can  occur 
as the result of friction,  inefffcient Wfus ion ,  or possible shock fomnation. 
Typical  total-pressure  recovery  factors that can  be used fo r  current engine diffusers 
are presented in  f igure IF1 (ref. 6). The eharp decrease i n  recovery  factors at A 

high Mach numbers is due t o  shock formation at the  diffuser inlet. The value of 
pt,2  can be calculated from 

t ,2 

a. 

- 
- 
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As mentioned previouely,  the  codustor-inlet  total  temperature can be determined 
from the constancy of Tt/Bt with a constant N/&. However, if the  compressor 
total-pressure  ratio and adiabatic efficiency are known as a function of corrected 
engine  speed and alt i tude,  a better determination is 

where 

rc compressor tatd-pressure  ratlo,   ptJ3 / ptJ2 

qc compressor adiabatic  ef f Fciency 

The combustor-inlet  abaoluLe total   pressure can  be determined f r o m  the relat ion 

t 

. 

-= pt 3 
Pt,3 = Pt,2 pt,2 pt,2 rc 

Campressor wake effects. - The aeroaynamlc design of the turbojet combustor is 
c lose ly   reb ted  t o  the &-flow pattern a t  the coupressor exit .  Ideally, the opti- 
mum combustor-inlet air-fluw pattern might have a uniforni velocity  profile  with an 
average velocity determined by  the  pnceding  equations. However, especially  in en- 
gines w i t h  centrifugal compressors, the velocity profi le  a t  the inlet may be nonuni- 
form. Two combustor-inlet velocity profiles f o r  an a x i d - f l o w  turboje t  engine are 
presented in fFgure II-2.  These partlccular profiles show wlder variations with 
engine  operating  speed than axe Us- found in  current  engines. 

Uneven velocity  profiles can  be significant in terms of conbustor total- 
pressure  losses and operating problems. Lloyd (ref. 7) indicates  that ane of the 
major sources of conbustor total-pressure loss le the entry loss associated  with the 
diffusing and eveniug of the  hi&-velocity air stream f r o m  the compressor. In addi- 
t ion  to total-pressure losses, uneven inlet velocity  profiles w i t h  accompanying un- 
even secondarrg-ab distribution and unequal liner cooling might resul t   in   dis tor t ion 
and cracking of the couibustor liner (ref. 8). Maldistributlon of the air flow at 
the combustor i n l e t  might also be responsible for asymmetric fuel sprays and non- 
centralized burning. 

Ram-Jet  Codustion Chanibers - Generalized  Parameters 

Combustor approach-stream parameters (inlet-air  velocity,  temperature, and 
pressme) for EL ram-jet cambustor are the s a m  as for a turbojet conbustar. As with 
a turbo j e t  cambustor, these parameters may vary over a w i d e  range; however, the 
range is &-pendent only upon flight Mach number and flight al t i tude for the ram 
jet. Determination of the approach-stream  parameters is, i n  general, siqler for 
the ram-jet conibustor than for the turbojet. Bince there i s  no compressor i n  a 

J 
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ram-jet engine, all the compression occurs i n  the diffuser. Combustor-inlet abeo- 
lute t o t a l  temperature and pressure can be determfned by the following equations: 

Y 

As with the turbojet,  the diFpueer total-pressure  recovery  factor mt be known i n  
order t o  determine the conibuetor-inlet presaure. . The data i n  figure 11-1 are appli- 
cable t o  both  types of engines. 

As a rule, conibustor inlet-air velocity is se lec ted   to   sa t i s fy  the thrust re- 
quirements of the e a .  Thua, for a knam combustor-inlet area, flight altitude, 
and f l i g h t  Mach nuniber, the combustor mass air flow can be determined from 

Y 3  P t  ,3 wa = - 
R, 1 

Tt ,3 (1 +. 9 M$- 
where 

A3 combustor-inlet area 

5 combustor-inlet Mach n d e r  

Ra gas constant for air 

U3 combustor-inlet a i r  velocity 

ana 

w h e r e  

g gravitational  constant 

Data which can be used for rapid  determination of the inlet conditions i n  a ram-jet 
engine are presented i n  figure II-3. This figure is baeed on the dlffueer total -  
pressure recoveries of figure II-1. 

m 

" 
I. 
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In any type of conbustion chaniber, regions of law gas velocity mu& be present 
if stable conibustion is t o  be maintained.  Liners and flame holders are  used i n  
turbojet axld ram-jet conibustors, respectively,  to  provide  st&fllzing  regions of 
law velocity. Advantages gained by use of such stabi l iz ing medhanimr~~ may be bal- 
anced by conibustor pressure h S S e 8 ,  which r e d t  in losses hl over-all  cycle 
efficiency. 

Effect on Over-All Cycle Perfol?nance 

The effect  of conibustor pressure loss on cycle efficiency has been expressed 
in reference 9 as 

where 

4t cormbustor total-pressure loas 

T cornbutor-outlet total temperature 
tY4 

qtu turbine  adiabatic  efficiency 

The denominator of the right side of equation (15) is al- positive and propor- 
t i o n a l  t o  the heat added h the cmbuetor. AB sham by figure 11-4, total-pressure 
losses  in  turbojet  engines =e inrpaftant, especiallyvhen  operating at v e r y  law CIT 
very high over-all -pressure rat ios .  For colqpressar totalipreeeure  ratios less than 
9, increases i n  compressor total-pressure ratios resulted in decreased effects  of 
conibuetor total-pressure  losses. With hi&er  pressure  ratios,  c&ustor  pressure 
losses caused greater thrust losses. These increases i n  thrust loss  axe caused 
by the  greatly  increased power required  to  operate Ithe compressor at the  high 
pressure  ratFos. Ihcreasing pressure  losses with accompanying decreases i n  
cycle  efficiency result i n  increases in fuel consumption. Likewise, incremes  in  
unit size become necessary, since higher rotat ive speeds  and accozqpanying higher 
turbine  stresses are required to   obtain  the higher compression ra t ios  needea t o  
e t a i n  IMXI~LILIL cycle efficiencies ~ i t h  increasing pressure losses (ref. 10). 

Causes 

Pressure losses i n  conibuators occur as the result of seve ra l  factors:  (1) 
abrupt changes . in flow cross-sectional areas, (2) bl-f bodies or flame-stabillzing 
devices in the combustion zone causing p & i d  blocbge of the open CTOSB- 

sectional  area,  (3)  frictional  forces  exerted upon the gas stream by flarpe- 
stabillzing  devices 8.nd the w a l l s  of the  ccmibustion  chamber, ( 4 )  increases in 
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momentum imparted t o  t h e  gas stream as it flows through the conibuetol-, and (5) the 
high degree of turbulence  necessary t o  m i x  gases in a rest r ic ted conibustion volume. 

Changes in flow cross-sectional area due t o  expansion. - Pressure  losses i n  
the combustar-inlet diffuser, which par t ia l ly  slows the  hQh-velocity air stream 
from the compressor, may be at t r ibuted  to  the combustor. For the case of sudden 
enlargements, which is the conditfon approached by some very short codmstor-inlet 
diffusers,  the follawiag dia.g?am ia consideredr 

Ir""" """"_ I 
I 
I 

' I A4 - I "4 

I p4 
I 

(D 
b '  

N 
M 

1'""""" "" -.J 

I t 
3 4 

.) 

Application of Rewton's second law to  the  control volume sham by the  dotted lines 
r i e l &  the tot&-pressure loss 4 due to sudden enlargements as 

p weight of fluid per unit volume 

If theaesmptlon is made that the fluid or gaees are incompresBible, which, for 
gas velocities of less than 400 feet per second, incure an emar less than the 
probable error of data for computing f r ic t ion  lOSSe8 in pipe flow, the equation 
reduces t o  (rd. U) 

This equation can be used for m y  ehape of CTOBB eection, and for  f l u i d s  o r  gases 
in turbulent flow. 

Obviously, a sudden enlargeuent ie llndesirable. However, length limitations 
in  ram-jet or turbo jet engines geneIgLly neceseitab. phort di f fusersr  Ae a re- 
sult, d w u a e r  i n c l m d  angles are m ~ *  large. Figure 11-5 (refs. IZ m 1.3) 
presents the pressme loss of diffusars as a function of the included angle. An 
optimum included angle of 7' t o  loo is indicated, .for..lmlpbnzmpressme loss. Re- 
ductions in total-preseure lose for Large angles of diffusion can be accml iahed  
by introduction of a spfral flaw arrotation into  the gas flaw upon en t ry   to  the 
diffuser (ref'. 12). Reductions in  total-pressure loss, with  spirctl flow or rotation 

. 

. 
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' W  
N 
3 

in   the  gaa flowing in   the  diffuser ,  of as much as 45 t o  60 percent are r e p O ? ? k e d  in 
reference 12. Similar results are expressed i n  reference 14 i n  terms of the  in- 
crease in static  pressure  r ise through a short 2 : l  ere8 ra t io  diffuser by use of 
rectangular  vortex  generators. 

w e e  i n  f lm cross-sectional area due t o  contmtction. - Liners  or flame 
holders i n  the combustion volume serve not o n l y  &B flame stabi l izers  but ale0 
house the conitustion zone, proportion  the atr flow, and btrduce turbulence ueces- 
sexy  for good mixlng of hot and cold gases during the ccadbustion process. Inser- 
t ion  of a liner or flank? holder i n   t h e  conibustion volune results  i n  pressure losses ,  
which, though unavoidable, c&ll often be minimized. Blockage of the open cram- 
sectional area of cordbustor m y  be  considered somewhat similar t o  a sdden con- ' 

t r ac t ion   i n  the flow area  in a pipe. For sudden contractions,  the  following 
diagram is considered: 

I I 

I 
p3 I 

I 
I 

. 

I 
I p4 

I I 
4 

A S E U D I ~ D ~  incqress ib i l i ty ,   re fe rence  15 
case t o  be 

4t = 

indicates the total-pressure 

where kl depends on iAe r a t io  of areas at s t s t ions  3 and 4 snd is defined  by 

kl = 0.75(1 - 2) fo r  3 > 0.715 
A3 

Total-pressure  losses due t o  s@clen &ractione .may be greEttly reduced by yiw a 
conical or well-rounded t ransi t ion section between eeas 3 and 4. The value of kl 
for conicsl  or well-rounded transition  sections is reduced to approximately 0.05. 
 his due of k1 is applicable f o r  m u e s  of A ~ A ~ ,  provlaga that the flaw 
i n  the smaller  are^ is turbulent. 

Bbdy shape and blocked area. - Ram-jet conkustion chsaibers md afterburners 
utilize a flame-holding mechanism  COnSi8ting of gutters m similar devices t o  pro- 
vide a recirculatory zone of lan velocity for flame stabil ization. Us-, such 
devices i n  the combustion chanibe?! provide mre turbulence and better ruixing, with 
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resultant increases in c d u e t i o n  efficiency. However, such devices  create an un- 
avoidable pressure lose with an accompanying adverse effect  on over -a l l  cycle effi- 
ciency. Atheoret ical  analysis of the total-pressure losses i n  a conibustion chamber 
using V-gutter flame holders irl presented in  reference 16.  Compressible,  nonviscous, 
one-dbeneional flow was assumed. Data &owing the theoretical total-pressure loss 
coefficient Lqd~ a;ce presented in  f igure II-6, i n  which 

p,pl open flow area  in  plane of flatne holders . " 

92 area contractton  coefficient, equal t o  flow area of vena contracta downstream 

- - . .- 
1 - -  

.. 

of a flame h o l h r  divided by + !? 
n 

qr reference  velocity  pressure based on combustor-inlet air  density and maximum 
cross-sectional  area of ccxtfoustor 

For most purposes, $ may be aeeumed between 0.8 and 0.9. The data of figure 
11-6 have been replotted  in  f igure 11-7 at BU inlet Mach  number of 0.20 to ahow 
the  effect  af mea blockage bz1 the  total-pressure loss coefficient. Also included 
axe the theoretical loss coefficients for staggered flame holders (ref'. 17). The 
data  for staggered flame holders are valid only  men  the  baffle8 at each plane 
provide  approxlmately the same blockage. TotaJ"pressure  losses  increase  with  in- 
c ~ e a e s  i n  blacked area.  In  addition,  total-pressure  losses do not seem to be 
greatly  affected  by baff le  geometry, being dependent more on blocked area. 

For sloping-gutter flame holders, the  projected  mea of the flame holders 
shoultl be  used t o  determine the  area blockage. . 

For combustion chanibers having center  bodies. in addition to &ter f l a n ~  
holders, the  following  equation  (ref. 17) may apply: 

where 

h b  area of inner body 

9 velocity  pressure  in flame-holder plane 

Fluia friction. - Frictional total-pressure  loesea in combustors are  generally 
small enough to be neglected in  comparison with  other  factors  csuaing  pressure 
losses. However, i n  ram-jet  engines and afterburners i n  which high-velocity w e e  
scrub relat ively long walls of the conibuetion chamber, frictional  total-pressure 
losses m y  not be negligible. The total-pressure loss due t o   f r i c t i o n  of a flula 
f lar ing in a duct can  be  expressed  by the Fanning friction  equation  (ref. 18): 

where 

Cfr dimensionless friction  coefficient 

. 



. 
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4t,fr total-pressure loss due t o   f r i c t i o n  

rhY duct hydraulic radius 

end p end U ere average values. In figure II-8 (ref.  191, values af Cfr are 
presented f o r  E range of Reynolds riders from 104 t o  lo7. The value of Cfi 
varies from 0.004 to 0.0035 for Reynolds mmibers from 2.3105 .to S.OXl@. Refer -  
ence 20 includes data from which the  effect  of wall f r i c t ion  alone upon a f lu id  
f la r ing   in  a cylindrical duct can be  estimated Ff the  Mach nmfber at the  entrance 
and the  f r ic t ion  coeff ic ient  of the cheniber are Imam. Figure 11-9 presenta  data 
showing the total-pressure loss i n  terms of these variables. Use  of the figure can 
be demonstrated best  by an example. Consider a9r flowing i n  a 6-inch-diameter  duct 
at EU i n l e t  Mach nmiber of 0.25. at see level. "he duct is 30 inches in length and 
the  total-pressure loss  is  required. 

Average air velocity in duct = 0.25XlJ.20 = 280 f t /sec 

A i r  density = 0.0766 U/cu f t  

Air viscosity = 3.723XlO-7 slugs/(ft) (sec) 

o;T:6 x 280 x 0.5 

3.723XlO-7 
Reynolds n-er = = 8.95X105 

For this Reynolds nuniber, C, = 0.0032, while 

rhy = p (duct  diameter) P - Oo5 = 0.125 ft end 1 
4 

. 

'frL 0.0032 X 2.5 o.064 
0.125 

-=  
rhY 

For an inlet Mach nuuiber of 0.25, 

\%y /3 

where 

L* auct length between s ta t ion at which Mach nmiber is taken and s ta t ion  et which 
choking would occur 

end 

= 2.39 (fig. -11-9) 
p: 

where 

p: t o t a l  pressure  with choked flow 
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( E * ) 4  

M* 0.255, 

E: 2.38 
p t  

and 
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Momentum. - The momentumpressure loss In combustion chaubers, 
herent  in any system In which heat I s  added t o  R moving gaa stream, 
mined simply i n  term8 of temperature r a t io s  and Mach numbers 
analpis I 

,Q 
I 

I + I 
I 

I, 
u3 I *  + *a 

I 
I 
I 

3 

I 
I 
1 

4 
I I 

by the 

. 
" 

It is assumed that the gases axe evenly mixed with respect t o  tenpersture and 
pressure a t  the  entrance and exi t  of the c.crmbuetor, that the ggaes are perfect and 
nonviscous, and that one-dimensional flow applies. Application of Newton's second - 

l a w  and the continuity  equation leads t o  

. "" 

- r 

and 
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where y is  an average value determined from yg and y4. For crit ical  or choked 
flox through an opening, the Mach nlnnber at the opening equals '1.0. For the condi- 
t i on  of choking at the cambustor e t ,  since Mq equals 1.0, 

According to  equstion (23) , the  addition of heat or the  increase of t o t a l  tempera- 
ture of any f lu id  in   f r i c t ion le s s  flaw i n  a duct w i l l  result i n  an  increase i n  M4 
if M3 is subsonic, and a decre8e i n  pi4 if M3 is  supersonic. The subsonic 
case only is considered  here. Choking at  the conibustor e x i t  does not mean th,at 
mre fhel cannot be burned, provided sufficient air is present. It does meazl, how- 
ever , tht if mre fuel is burned, the c&ustor-inlet conditions w i l l  a d j u t  t o  
conpensate for the increase  in total-temperature rat io .  The preceding  equations 
are e q r e s s e d   i n  figure II-10 i n  terms of the effect of inlet and outlet  conditions 
upon the total-pressure loss i n  a duct due to heat  addition  for r = 1.4 ami con- 
stant R. Total-pressure  loss due t o  cordbustion decreases with decreases i n  
couibustor-inlet Mach number for a given temperature ratio.  

Isothermal flow behind bluf'f bodies. - The flow behind b l d f  bodiea euch as 
f Lame holders Fn ram- jet canbust ion chanibers may have noticeable effects on the  com- 
bustor performance. Introduction of a cylindrical  rod or a V-gutter flame holder  in- 
t o  a moving gas stream results in  the  formation of vortices in the region immediately 
"tream. These vortices can be explained as folluws: A t  extremely law Reynolds 
nuribera (using the width of the bluff body 88 the  length dimemian), the stream- 
lines of the flow broaden out behhd the obstacle. AB the  Reynolds n u h e r  l e  in- 
creased,  the  streamlines  den mre and more, forming a closed region behind the 
object,  witbin which there is  an inflow along the axis of the w a k e  and a flaw i n  
the general  direction of m t i o n   i n  the outer  portione. mese motions forn a pair 
of' vortices; and exist at low Reynolds umbers, but become more prominent 88 the 
R e y n o l d s  nuniber increasea. Uith further increases  in Reynolds n-er, the m- 
t icee become more dQngated and aspnetrid, break off, and move downstream. This 
vortex shedding  occur^ at some critical Reynolds umber which depends -on flame- 
holder shape, tmbulence of the gas stream, and any wall effects  f r o m  the conibue- 
t i o n  chamber. Reference 21 r e p o r t s   v l s u a l  observation of the formation and shed- 
ding of vortices by the  use of balsa duat  injected upstream of various type flame 
holders. 
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The asyrrrmetric arrangemat of vortex  pairs behfnd the  bluff  obJect  alters  the 
pressure  distribution around the body, and vortices  are  discharged  alternately frm 
the two sides. I n   t h i s  way, a definite frequency of eddy motion, which  depend8 
upon the Reynolds rider , is begun. Dametream of the bluffobject,   the  vortices 
arrange themselves i n  a double row i n  which each  vortex i s  midway between the vor- r 
t i c e s   i n  an opposite row; -this mat?gement 3s *_+e *:n vortex  street.. 
According t o  reference 22, regular vortex shedding  occurs un t i l  Reynolds numbers 
approach 4 t o  5x105. Above these values ,  flow i s  turbulent. 

I 

- "~ . ..  .. 

Flow behind bluff  bodies  with heat addition. - During conibustion stabil ized 
behind a flame holder f n  a flawing homogeneous fuel-air mixture, unburned  milcture 
diffuses into the eddy region  behind  the flame holaer and is  burned, with accompany- 
ing diffusion of the combustion praducts and heat  into  the main stream ta ignite 
the mixture flowing past. With a l iquid fuel spray,  heat from the  burning  mixture 
in the eddy region  ia  transferred t o  the  l iquid  fuel accumulated on the flame hold- 
er directly  by  radiation  ana convection, and indirectly by conduction through the 
flame holder itsex. The amount of heat transferred controls the evaporation rate 
of the fuel. It is believed that the fuel vaporized by  this  heat mixes w i t h  air  
diffusing from the main stream and maintains  the  pilot flame i n  the eddy region. 
One of the differences noted i n  flow behind bluff bodies  with and without heat ad- 
dition i e  that no eddies me shed during conibustion (ref. 23). One explsnation & 
th i s   fac t  is that the static pressure  dametresm of the  bluff body is  lower with 
combustion occurring. As a result of the reduced pressure, the eddy region becomes 
smaller and seem8 to  a t tach itself to the blu€". body. 

N 
r) 

Eddy formation. - S-1 pressure  loeses iud-ed by eddies downstream of flame 
holders may be estimated if data showing the strength, frequency of shedding, and 
longitudinal spacing between vort ices   in  a ruH are known. Goldstein (ref. 22) 
states that the average drag per unzt  length of a cylindxical obstacle perpen- 
d icu lar   to  a flowing fluid can be expressed by 

where 

a distance between vortices  in row 

F drag of flame holder per unit flame-holder length 

i lateral spacing between vortex r o w  

K strength of i n d i v i d u a l  vortex 

're1 velocity of vortex system r e l a t i v e  t o   f r e e  stream 

U, fluid velocity upstream 

According t o  reference 24, the  strength of vortices of stable rows can be ex- 
pressed as 

K = 2z/'i aUr,l 



. 

c 

.. 

HACA RM E54107 

and 

si& {c,t/a] = 1 

i/a = 0.281 

U s e  of these data a l l a w e  reduction of equation (26) to 

11-w 

This equation does not include w a l l  effects of the combustor. A similar equation 
which includes wall effects is derived in  reference 22. Reference 23. presents 
data for the shedding  frequency  and strength of vortices from 14 different flame 
holders,  including a cylinder and a flat plate. From data such a s  these,  neces- 
sary values f o r  equation (28)  can be  determined, since a can  be  determined 
from equation (27a), and 

where 

f 
or 

frequency of vortex shedding from flsme holder 

(The negative sign must be, used i n  eq. (30), since a vortex of zero strength would 
not exist and would e q d  zero.) The magnitude ~f the  edw drag is quite 
smal l  a s  sham by the   fac t  that a U-shaped flame holder, 3/4 inch wide, w o u l d  cause 
a drag of approximately 0.12 pound per foot of length of flame holder i n  an air 
stream flaring at 55 feet   per  second a t  sea  level. 

The isothermal total-pressure l m s  coefficient for a flame holder due to 
vortex formation  can be expressed &sentially as 

[ ural 
4t  
% a* 

a 1.587 - - 0.628 U, 
-E 

where 

a* flame holder  width 

This total-pressure loss w o u l d  be  Sddltive to the theoretical  pressure l o s ~  ob- 
tained in reference E. 

Estimation and Correlation 

Data for estimation of the  total-pressure  losses  in a conbustor f o r  known 
isothermal  pressure LOSS are presented in reference 25. This method, huwever, re- 
@res an Isothermal  test of the conibustor before an estimation of the presme 
losses at other operating conditions can be made. - 
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A correlation has been  developed (ref'. 26) for various combustors and experi- 
mental configurations  in which 

2 11.5 
Pt 

where 

I combustion intensity,  Btu/(hr)(cu f t )  ( a t m )  

The value o+I is preferably  assessed. on the s i z e  of the primary conibustion zone 
o n l  . This  correlation was f o r  use in  combustion-chamber design. Ueing a design 
LYptypt, an intensi ty  could be found,.from which p r e y  zone size" could be deter- 
mined. V a l u e s  of t he   r a t io  L/d for  cylindrical combustors were taken  as i . 25  
t o  2.0. According t o  reference 26, the  degree of combustian intensity is deter- .. 

mined by the  a i r - m i x i n g  pattern, the degree of tqbulence,  and the combustion prop- 
erties of the fuel-air mixture, all of uhich  contribute  to  pressure  losses. Use of 
this  correlation  involves an arbi t rary assumption as t o  the size  of the primary 
zone. 

where 

k3J k4 

Sr 

PT 

P 

A better  correlation, and one  which is  g e n e r a y  used,. I s  

dimensionless  constants 

reference  velocity pressure, defined by 

.. - . .  

. " 

.. . . - -. . - 

.. . .. . 

reference axe8 of codustor,. e w a l  twmaxiqnun open cross-6ection&~ arc& of 
combustor housing 

5- density 

This correlation (ref. -27) indicates that the  total-pressure  losses  in a combustor 
are a function of the previously mentioned factors ,   f r ic t ion.  and pressure-losses 
associated with the  Introduction of a flanse-atabuiing.device In a gas stream 
(k3 + k4)qr, and pressure  los8e.s due t o  hea t   absq t - io?  ( o r  denslty changes) o f  

high-velocity gages k4(s - .l)qr. Pressure losses o r  a typical  turbojet  combustor 

are  presented  in  figure 11-11. As Indicated  by  equation (33) , total-pressure 

. - - - - -. - - . -. 

P P  

- -. . 
.. .. 

L 
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losses  increase  linearly w i t h  increases  in gas-density ratios.  Friction  pressure 
losses, the losses which  would be found essentialLyby an isothermal test, axe in- 
dicated at a densi ty   ra t io  of 1.0. Momentum pressure  losses a t  any densi ty   ra t io  
are the Wference between the  total-pressure  losses and the friction  pressure 
loss. 

A theoretical  analysis of isothermal  total-pressure  losses  in a conibuator 
having straight housing  and liner w a l l s  has  been made (unpublished NACA data). The 
following assumptions or  effects w e r e  considered i n  the analysis: 

(1) SUKI&~ contractions  or enlargemente i n  flow cross-sectional areas 

(2)  Incompressible,  isothermal flow 

(3) Ratio of t o t a l  mea of openings i n   l i n e r  to m x i r m r m  cross-sectional (ref- 
erence)  =ea of  housing 

(4) Ratio of area of annulus between Uner and housing t o  maximum cross- 
sectional  (reference)  area of housing 

(5) Zero w a l l  f r i c t ion  

(6) Variable orifice  coefficients far  openings i n   l i n e r  

The effect  of external crossflow on the  orfflce  coefficients was included. The 
effect of internal  crossflow was  assmed negligible  .for  the  range of operating con- 
ditions considered. V a r i a b l e  orifice  coefficients are discussed later. 

Theoretical  total-pressure  losses are presented in figure 11-12 for  aeveral  
ra t ios  of annulus-reference  areas.  Total-pressure  loases decrease rapidlyxi th   in-  
creases i n  both  annulus-reference &rea ra t ios  and t o t a l   l i n e r  opening - reference 
area ra t ios .  M i n i m u m  total-pressure losses can be obtained  essentially  with a 
r a t io  of t o t a l  Uner open mea t o  the reference  are& of the housing of 1.3. Addi- 
t i ona l  data indicate  the optimum ra t io  of annulus-reference areas f o r  obtaining 
minim  to ta l -pressure   losses   to  be approximately 0.5. A t  present,  increased  in- 
t e r e s t  is sham in the use of 4Pt/pt, a total-pressure-loss  ratio which is more 
useful   for  comparisons of  cambustor performance. However, this rakio is not unique 
i n  that it involves a U f e r e n t  curve f o r  each  couibustor-inlet velocity. 

The distribution of a b  flow within a conbustor depeMs upon many factors, 
s e v e r a l  of which are interreuted.  I n  general,  the simplest assumption regarding 
d i S t r i b U t i O Q  of air  flow i n  a combustor l iner  La that the air fJ-ar ie proportional 
t o  the l ine r  open area. However, such an  asamption does not  account fo r  the ef- 
fect of previously discussed  pressure  losses,  the  ratio of ann- area between 
the conibustor housing and l i n e r   t o  the total  cross-sectional area, orifice  coeffi- 
cients,   fr iction, or the rate of  heat.ad&ition. 

Experimental data showing air-flow distribution are rather meager i n   t h e  
literature. However ,  several  theoretical analyses of the distribution are avail- 
able. Oae of the m e t  usable analyses has been made by the RACA for the air-flow 
distribution  within the l i ne r  of a straight-wall tribular combustor. The same 
assumptions or effects listed in the section on estimating o r  correlating  pressure- 
drop data w e r e  considered. With the proper  comectione, these data should apply 
t o  other combustors, far example, annular combustors or combustars with  housings 
and liners having nonparallel v a l l s .  
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Isothermal air-fUq distributions in a tubular. straight-wall combustor are 
presented i n  figure 11-13 as funct ioG of .liner open ai.ea,~total-pressure losses, 
and r a t io s  of the ann- area.between conibustor housing and l i ne r   t o  the refer- 
ence area of the cam bus&^ houei.ng. -2igiit-e- =-=(a) indicates that the percentage 
of the t o t d  air f b  i n t o  the-.liner : u p - ~ X r G i i  6f ~ n i ~ ~ i t i t u a i d  position is lese 
than i f  it w e r e  proportional t0"the'perceritage"of *rieF"total open mea  avaiLable 
for flow, especially  with low combuskr total-presspi-loss.  coefficients.  Figure 
II-l3(b) indicates a sinrilsrr effect-on  air-flow  distribution f o r  several  ratios of 
the mea of the annulus betueen Uner and hming to   the  housing reference mea. 
The effect  i s  more pronounced at small values of arti~ulus-reference  area  ratios. 

Other methods  of estimating air-flow distribution are available. However, 
most of these methods are stepwise, laborious, and l e s s  convenient than this method. 
References 28 and 29 pfesent methods'. of evaluating the air-flow distribution that 
involve  trial-and-mar solutions beginning at the  cmbustor inlet or outlet, and 
specification of effective flow areas cr static p r e s w e s  at any posltion in the 
coIlibuator. Reference 30 presents. an- alterkive method based q o n  arbitrsrily 
assigned M e t  flows or static  pressures at each  station,  in  addition  to aesumed 
jet-stream Mach nunibers and inlet t o t a l  temperatures. The method assumes combus- 
t i o n   i n  a conatant  cross-sectional area, isentrapic expansion of gases between 
stations, and radial mixing of gas jets at each station. After stepwise determina- 
t i on  of internal flaw, the upstream t o t a l  pressure can be selectea by assigning an 
over-all  pressure loss or a pressure itrap over a ptrticular  station.  Either method 
fixes the inlet total   pressure and allows a static-pressure  evaluation over the 
external  portion of the liner. Required open area+ at  sacks ta t ion  are then de- 
termined from mass f h s ,  orifice coefficients, an& c d c d a t e d   a r i f i c e  pressure 
drops. This mthod Beems superior t o  the methods of' references 28 and 29 in that 
only one trial-and-error solution may be necessary. 

" 
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GAS JETS 

Mixing of gas stream or jets is an important problem i n   t h e  design and oper- 
ation of cauibustion chanibers. Far example, air needed t o  create the  turbulence 
reqptred far rapid eng and burniiig f n  the prilllary zone of' a turbojet cornbuetor 
usually enters i n   t h e  farm Of alr jets through small openings in the conibustor 
liner. Also, adequate penetration of the  dilution or secondary air must occur in  
order t o  a t t a in  the degree of rn ix iner  and temperature Unifarmity required by turbo- 
J e t  cordbustors, in which exhauat-temperature profiles suitable  for  entry o f  the ex- 
haust gases into  the turbine are necessary. Such penetration i s  usually obfained 
by introduction of the seconderry a i r  through ~ " ~ O U B  openings i n  the downstream 
portion of the cordbustor. B i m i l a r  problems also eldst i n  the deeign and operation 
of ram-Jet  conbustors and afterburners. Adequate mixing of gases of different 
temperatures, which exist  downstream of flame holders, may result i n  higher propul- 
sive eff icienciee. 

As shown in the following sketch, a Jet  consists  essentially of a unifm 
stream of f l u i d  emanating from an orlf icet  

. 
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Mixing region 

EQixing region 

Jet o r i f i c e  
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Within a certain  region (the potential  core)  outside  the  orifice,  the  Jet velocity 
and temperature axe maintained.  Outsfde and downstream of the  poteutial  core, a 
mlxing region  exists, in which t h e  j e t  expands and interaction may occur between 
the   j e t  fluid and any surrounding atmsphere. Jet parameters of interest 8pe mu- 
al ly  the  velocity and the temperature st any position within the jet ,  the width 
and penetration of the jet, and any interactLon of the jet with  adjacent jets. 
Gas j e t s  a.nd mix ing  problem can be classified into two general categories: free 
jets and jets issuing into fluids w'hich are not at rest. Each of these categaries 
can be f & b r  subdivided into lminm and turbulent flow. 

Theoretical Background 

Free jets. - Unless specifically s t a t e d  otherwise, a l l  jets discussed as free 
j e t s  have a aingle fluid carqpoeition. 

' Laminar flaw: The stvdy of a jet i n  lamFnar flaw is usually only of academic 
interest .  However, the res1iLts of such studies may be of value i n  Amdanrental com- 
bustion  investigations. An analysis of the spread of a free, laminar, twa- 

given in  reference 31. Far a &lmr 
a w a l l ,  the equatFon of rmtion can be 

where 

U,V velocity components in x- and r-directions 

x,r longitudinal and radial measurements 

v ldnematic  viscosity of Jet  f luid 

The followlng assumptions me ma&: 

(1) a%,%? i s   mall cornp-a vith a%/@, aaa EBP be neglected. 
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(2) NO pressme  grdients  or lateral f l u i d  umitations  exiat  across the jet. 

(3) Flow Le steady. - 
(4) TIE momentum at any section of the j e t  is assumed constant,  since  pres- LI 

sure gradients exist and motion is steady. 

(5) U = af and V =I - r ax, where 1 i s  a stream  function such that  U and 1 ar 1 ar 
V sat isfy  the corrtirmity  equation. 

A solution of this equation for valuea of U and V is 

where 

%i 
% 

p absolute  viscosity of Jet f l u i d  

T M ~  solution is W l i c a b l e  for w g e  values mg/pv'. 
Turbulent flow velocity prof i lea:  In practice,  the motion in   j e t s  is  usually 

turbulent i n  nature. One  of the  simplest case8 of turbulent mixing i s  the  plane- 
para l l e l  mixing of a j e t  w i t h  gases a t  rest, w i t h  the mixing occurring  along 8 

s ing le  boundmy be-kreen the gases.  Reference 32 reports an e a r l y  analysis of 
this type of mixing, with a free-turbulence ar Fmentum-tranafer theorybased on 
the semiempirical, general. turbulence theory of Prandtl. The momentum-transfer 
theory  indicated the temperatme .and velmltg profiles t o  be identical in a f ree  
je t .  Good experimental verification of the  thetxreticsl  velocity  profiles of ref- * 
erence 32 vas obtained  by varioG investigators; However, experimental measme- 
menta of temperature profiles donstream of free  Jete  indicated  discrepancies be- 
tween theory and e q e r i m n t  and no s h f l a x i t g  of velocity and temperature profiles.  
Thus, the momentum-transfer theory was suitable for solution  ~Fmechanical flow 
problem of velocity prof i lea  or f l u i d  friction,,  but w a s  ineffective for solution 4 

of problem  involving  temperature profiles or heat transfer. 

." 
" 

- 

.. - - 

Reference 33 presents a theory in  which the  tangentid  turbulent  stressee in 
-. - 

flow me a function of the transverse  tramport of voz%icity. That LE, the streases 
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are a function- of the  correlat ion between vorticity  f luctuations and transverse 
velocity components. Conservation of the   vor t ic i ty  of a f lu id  element until mixing 
occurred was assumed. It was also noted that  the  Prandtl.  theory did not  account 
for  local  pressure  gradients,  which appreciably  affect momentum interchange but 
not  vorticity  transport .  The vorticity-transport  theory of reference 33 gave ve- 
loci ty   prof i les  almost as accurately as the  momentum-transfer theory and, i n  addi- 
t ion,  gave bet te r  agreement of theoret ical  and experimental  temperature  profiles. 
The vorticity-transport  theory w a s  extended to   p lane-para l le l   f ree  jets i n  refer- 
ences 34 and 35. 

For  two-dimensional  compressible flow, Abramovich (ref. 34) indicated  the 
equation of motion to be 

where 

t t i m e  ’ 

V velocity component in  y-direction 

y lateral masurement 

and all values are instantaneous. By use of an 

I 

approximate mean vor t ic i ty  @ where 

and a defined value &, which is ‘a mixing length or mean free path of a f l u i d  
par t ic le  in turbulent flow, equation (37) reduces t o  

where the bars indicate mean values. For incompressible 
duces t o  

Equation (39) is s W  t o  the equation found in  reference 32 by use of the 
momentum-transfer theory, differing only  in   the  def ini t ion of &. Equation  (39) 
was solved by use of the same assumptions used in  reference 32: constant momentum 
in the x-directton at any section of the jet; proportionality of L, t o  x in 
an x-direction; and constancy of across any section in a y-direction. That i- 
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where 

U- velocity on Jet   axis 

yo maximum Jet  spread on one side of Jet  

Equation (39) yieMs  the same distribution for verocity as the  momentum-transfer the- 
ory o f  reference 32: 

- 

- .  . - . ... 
" 

where 

kg,% con8ta ts  

a(.) function of (y/yo) 

a Y/Yo 

yo = 3.0m33 x 

This solution  is.expressed i n  figqre 11-14 i n  terms of dimensionless r a t io s  of 
U/U- f o r  any cross  secti0.n. Good agreement ;f experbental  and theoretical  
profiles has been found. 

The  theory of plane-parallel  Jet mixing was. extended  by Hmarth  (ref. 35) t o  
the case of sally symetric free jete. For these  jets, the equations of motion 
for  each of tvo  theories are . .  

Momentum-transfer theory: 

Modified vorticity-transport  theory: 

" 
"I 

I- 

-- ." 

-. . .  

7" . ". 

These equations uere solved by me of-the same assurqptions as used in equation (39). 
Although the two different  theorka  yield approXimately the same resul t ,   s l ight ly  
better agreement with experiment y.w obtained w i t h  the moment%-transfer theory. 
The solution of qquation (41) involved use of t% itream function r, defined i n  
assumption (5) of equartion (35). The value of : U at any radius r was determined 
as 

k7 . .  

rO 
U = 4.65 - ~ ( b )  - ( 4 3 4  
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where 

Q,kg constants 

r0 maximum spread of Je t  a t  any cross section 

z(u) function of (r/ro) 

a r/r0 

This  solution is  expressed i n  figure II-14 in terms of dimensionless r a t i o s   f o r  any 
cross  section. According t o  Howarth, these results are f a i r l y  accurate, a t  least 
over the  central  portion of the jet, a t  distances downstream from the nozzle  greater 
than 8 Jet  nozzle dianaeters. 

Turbulent flow temperature profiles: hbranaovich (ref. 34) indicates the dif- 
f e ren t i a l  equation of heat  balance  for  plane-parallel free jets emanating into 
fluids of different temperatures t o  be 

c 

(44) 

. 

. 

Equation (44) neglects molecular heat conduction and conversion of the energy of 
viscous forces  into  heat w i t h  respect  to  turbulent heat t ransfer   in   the  same manner 
as f r i c t ion  due to   viscosi ty  w a s  disregarded i n  equation (38) r e l a t ive   t o  turbulent 
friction. By me of instantaneous and fluctuating values of variables and by 
assuming 

and 

uhere 

T mean absolute  temperature 

TI fluctuating  value of absolute temperature 

equation (44) becomes 

- 

w h i c h ,  for  incompressible flow, reduces t o  
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W h e r e  

T temperature at  aqy point i n  jet  mixing region 

TJ temperature at any point i n  region of undisturbed flow in  je t ,  or i n   p o t e n t i a l  
core 

T1 temperature of fIa3.d at r e s t   i n  space surrounding je t  

T temperature  coefficient in  jet 

W e  parameter ha8 been use& by  other  authors. Em&h (ref.  35), however, pre- 
sents a solution of equation (46) as 

where 

T- temperature on Jet axis 

U Y/Y, 

b . 

" 

T h i s  solution is presented i n  figure 13-15. 

For axially symmetric free jets, the  differential   equation of heat  transfer 
becomes (ref. 35) 

Similar boundary conditfons  apply  for  velocity and temperature distributions  based 
on the momentum transfer  theory. Also, equation ( 4 7 )  differs  from equation (41.) 
only  in  a change of variable.  Therefore,  the solution of equation (47) based,upon 
the momentum-transfer theory ylelas a temperature prof i le  similar t o   t h a t  of 
the velocity. The boundary conditions used Par temperature distribution  with  the 
vorticity-transport  theory are unequal t o  those wed for  velocity  distributiou. 
Hmarth (ref. 35) preeents a eolution of equatioi ( 4 7 )  as 

. .. 
- .  . 

.. 
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c 

. 

E,E',E" f (e) 

ks constant 

A comparison of experimental and theoretical  temperature distributions based upon 
the  momentum-transfer and vorticity-transport  theories is presented i n  ffgure II-15. 
The experimental temperature distribution more closely follaws that predicted by 
the vorticity-transport  theory over most of the range. 

Occasionally, a knowledge of lines of constant temperature or veloc i ty   in  free 
jets is required.  Solutions of the equations t o  determine conatant  velocity and 
temperature dis t r ibut ions  in   f ree  jets indicated that isothermel and m s t a a t -  
velocity lines are straight lines emanating from the  center of the jet  orifice.  
According to  the  existing data, turbulent-flow  velocity  profiles  in free jets can 
be determined b e a t  by use of the momentum-transfer theory,  expressed i n  equations 
(39) and (41) and figure II-14. Turbulent-flow  temperature p ro f i l e s   i n  free Jets  
can be. determined best by use of the vorticity-transport  theory,  expressed i n  eqw- 
t i on  ( 4 7 )  and figure 11-15. 

Coaxial jets. - I n  contrast t o  a Jet  issuing  into E flufa a t  rest, many appli- 
cations  exist   in which a Je t  emanates into a stream flar ing p-1 t o  the jet  
axis. Reference 36 presents a solution  to  -an  isothermal mixing problem of this 
type i n  term of the momentum-tramfer theory. The equations of motLon f o r  the 
region of fully develqed flow and the  regfon  containing E uniform velocity  poten- 
tial core were solved by use of proper boundary conditions w i t h  the requirement 
that continuous values of jet radii and velocities exist at the intersection of the 
two regions. The following assumptions uere made in   the  solut ion:  

(1) Incompressible flow 

(2) Pressure  gradients  near jet small enough t o  be neglected 

(3) Constant velocity th ro~@;hod p o t e n t i d  core 

(4) Constant momentum in  x-direction at any jet  -section 

(5) Mixing length  proportional t o  width of mixing region 

(6)  Lateral distribution of veloci ty   in  region containing  potential  cure 
equal t o  
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(7) Lateral velocity  distribution in fu l ly  developed Jet  equal t o  

u = u1 + u=z- u y l  + cos a 

where all velocities axe in the  x-direction, an8 

r r a d i a l   a s t a m e  from j e t  axis t o  point where U is measured 

ro outer radius of fuyy beveloged J e t  

. 

IC d 
N - m  

r radius of potential  core 

U velocity at auy position i n  J e t  

UJ velocity of j e t  

& velocity on Je t  axis 

Ul velocity of coaxid.  stream 

(8) Mixing length parameter c equsl t o  ( o . ~ 7 ) 1 / 2  (differs slie;htly, 
" 

c 
* 

approximately  10  percent, f r o m  a value found in  mother  reference) - " 

A diagram of the  Jet  and the results of the. analysis are preseutea i n  figures SI-16 
and -17. Results of the analysis indicated that:. (1) length of the  potential  care 
decreases w i t h  decreasing rat ios  of stream-to- jet   velocity t o  approximately 3.1 ,i - 
Jet diameters for a f ree   je t ,  ana (2) si- t o  ~ - e e  jets,  conatant-velocity lines 
are approximately straight,  emanating from the  cepter of the  je t   or i f ice .  Sfmi lax  
resul ts  have been fo- by other Lnvestigators. . -  

" 

" 
" - 
- 
- 

Normal jets.  - No theoretical  data expressiq  the  dis t r ibut ion of temperature 
- 

or velocity in a f l u i d  Jet  entering a f luid  s t re& flowing normal t o  the  Jet were 
found. However, a theoretical  a n a l p h  for  the penetration of the  jet   into  the 
stream is presented i n  reference SI. Velocity and tenperatme  distributions for 
f ree   je ts  and a negligible  pressure  gradient a t  the mixing section were assumed. 
Results of the analysis indicated that penetration of normal j e t s  could be ex- 
pressed as 

. -  

. .  

- .  -_ 
".. 

r 
- . "  .- . ". 

." -- " 
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L . 

where .. 

d j  je t   o r i f ice  diameter 

Tj temperature of jet fluid 

TI temperature of f lu id  stream 

UJ jet   velocity 

U1 fluid stream  velocity 

Multiple je ts .  - Two eqressfons for the  penetration of multiple jets into 
f luid streams are presented i n  reference 37. For the  penetmtion of n jets  enter-  
ing a f l u i d  stream at  right angles through n cfrcular  orifices spaced l a t e ra l ly  
across a rectangular  duct of width d' and depth h, penetration at a distance 
x/h from the   o r i f ice  is suggested. as 

Relative  penetration, = f 2 
(53) 

1 r n -  
4 hd' UI 

No expefimental data using t h i s  parameter w e r e  included in reference 37. For the  
penetration of n jets entering a f luid atream at  right angles  through n circuLar 
orifices  equally spaced circumferentiallg arolmd a duct of diameter Qt, the ex- 
pression  suggested for E distance x/Qt from the m u i c e  LS 

r "I 

No experimental data using t h i s  parameter were included. 

Experimental Data 

Despite an abundance of theoretical  analyses of jets issuing  into gaaes at 
rest or i n  motion, many disagreements exis t  between theoretical end experimental re- 
s r i l t s .  Libewise, application of fundamental jet-penetration data t o  jet-engine com- 
bustors has given resu l t s  in disagreement  wfth  theory.  Disagreements may be attrib- 
uted t o  varioua factors such ES direction,  size, shape, and orientation of the   j e t s  
re la t ive t o  the main fluid, and the presence of other  jets  result ing  in  possible 
jet interaction. 

nee. je ts .  - Turbulent flow velocity  profiles : Much of the  extant  experimental 
data r e l a t i v e  t o  gas jets concern free  Jets  mixing with air. In  general, data are 
presented i n  tern of velocity  dFstributions In both  the  potentfal  core  in  axially 
symmetric je t s  and the  region of fully develope& jet flow. Equations w i t t e n  t o  



11-34 - .  

f i t  the experimental data for  isothermal  free jets mixing with  a i r  are presented in 
reference 38. Data are expressed i n  t e r n  of momentum flux veloci ty   ra t ios ,   in  
which . -  

Momentum flux velocity =I df (55) rl 

uhere 

U instantaneous  velocity i n  Jet in x-direction st any radius r and longitudinal 
distance x k M 

P inatantanem density of fluid 

The val~e of pV2 16 determined from impact tube measurements, and p is determined 
from s t a t i c  temperature ana pressure. For incompressible flow, the  momentum flux 

velocity i s  approdmstay @. Womenti flux velocity  ratios of an i r s o t h m   f r e e  
jet axe presented i n  figure II-U for the potent i+.  core, a transition  region a t  the 
end of the potential  care, and the  region of fully developed flov. Many of the data 
are presented, as in many references,   in terms of a half-radius, t h a t  is, the jet 
radius at w h i c h  the  momentum flux velocity  equals one-half the  naomentum flux velocity 
on the Je t  e x i s  at the same longitudinal distance from the Jet orifice.  The data 
indicate that 

- 
. -  

- .. 

fi - 
(1) The potential  core  within which the flux veloci ty   ra t ios  are constant radi- 

" 

al ly  is approximately 3.5 jet or i f ice  diameters in length. 

(2) The radius of the  pqtential  core  could be eqreesed as 8 
. ..I .. 

w h e r e  

r potential  core radius at  any longitudinal. di&ame x 

x l ~ t u ~ i ~  distance from jet o r i f k e  ,... . . .  . 

Velocity  ratios  within  the  potential  core ( l e a s  thaq 3.5 diameters -tream) 
closely approached a single  generalized curve. Whithin the transition  region, however, 
a aifferent  cmve  could be drawn tgan for distances farther damstream. R a d i a l  flux 
velocity  ratios,  c0vering.a range of jet velocit iea f r o m  166 t o  801 fee t   per  second 
and distances from 10 t o  30 jet &Lameters downstream of the  j e t   o r i f i ce ,  were cor-  
related by the  following  expression: - 

. "" 

P " 

" 

. 

uher e 

rl/2 half-radiue at longi tudinal   as tance x 

Umax velocity in x-direction on axis at longitudinal  distance x 

1 . 
-" " 



c 

. 

HACA RM E54107 n-35 

Some data have been reported i n  reference 39 f r o f u  an  investigation of momentum 
and ms8 transfer in coaxial  jets,  Isothermal e eriruents were conducted with h m -  
geneous mixtures of air and helium f lar ing from 74-inch- and 1-Inch-dianeeter nozzlee 
into a coaxial stream of air  i n  8 4-inch-dianeter  duct. Btrapolat ion of the re- 
s u l t s  t o  the  case of a f ree   j e t ,  that is , zero coax ia l  stream velocity, shows that :  

(1) The potential.  core is 4.0 Je t   o r i f ice  diame-krs i n  length. 

(2) The veloci ty   in  the f u l l y  developed flow region (downstream of *the  potential 
core)  can  be  represented  by 

The potent ia l  core length is slLg€rtly larger than the experimental value (3.5 
diameters) of reference 38 and the  theoret ical  value (3.1 diameters) of reference 36. 
However, the  la teral   veloci ty   Mstr ibut im  agrees  approximately  with the  theoretical  
distrilmtion of Squire and Trouncer  (eq. (50)) and feirly well with  the a e r i m e n t a l  
curve of reference 38 (eq. (57)) , .as sham Fn figure II-U(c) .  

Axial velocity  distribution  within the fully developed flow r e a o n  of the cir- 
cuLsr isothermal  free  jets of reference 38 could  be c l o s e l y  approxfmated by 

where 

UJ v e l o c i t y  of j e t  
- 

The curve of figure  II-19 and the  experimental data agree c lose ly  with the previouely 
dfscussed  theoretical analysi~ of a synrmetrical j e t   i n  which it w a s  assumed, because 
of a constancy of momentum at any jet section, that 

1 u,, a- 
X (60) 

This expression for Etldal velocity distribution agrees  closely  with an expression of 
Squire ( re f .  40), who recammended use of the   re la t ion 

Extrapolation 
the  axial   velocity 

o f  the data of reference 39 for coasdal j e t s  to a free  jet gives 
distribution BB 

The large  discrepancy between equation (62) and equations  (59) and (61) may be due 
in part t o   t h e  exqerimentsl  configuration of reference 39. 

Much data r e l a t ive   t o  axially symmetric f r e e   j e t s   i n  a i r  have been sumrnarieed 
in reference 40. Half-velocity radii i n   t h e  fully develapea flow region of a free 



J e t   i n  air are  presented  in fie;lrre II-20. Experimental data from references 38 and 
41 and theoretical  data from references 36 and 42 "e also included.  Reichardt 
(ref. 42) expressed  the  half-rsdius at any longitudinal.  gosition as z .  

" 

This  expreesion and the  experiumrtal  data of refereace 38 agree  closely  with  the 
data of figure 11-20, which indicate  the lines of half-velocity radius t o  lie on a 
cone of W - a m e  of so, w i t h  the apex of cone a t  the center of the   Jet   or i f ice ,  
for distances  greater than 10 Jet  diameters f'rom the  orifice.  

A smal l  e m o d  of data included in  reference 40 for 0.1-velocity radii is also 
presented in figure JI-20. For the 0.1-velocity radii, straight  l ines emanate f rom 
the  center of the  Jet  orifice at an angle of 9.2'. 

l4' tn 
R1 
trl 

A small amount of experimental data pertaining  to  the  velocity  distribubion  in 
" 

two-dimensional j e t s  is available. For tuo-d i~~~ns i ,ona l  and axially eymmetric f ree  . - - -. 
jets,   theoretical  analyses have indicated that: .. 

(1) For  two-dimensional je t s ,  
1 "..x"p 

U s i n g  these  relations,  Squire  -.(ref. 40) infers that expressions  applicable t o  a x i d l y  
symmetric jets may be  applied t o  two-dimensional je t s  by  replacing (./aj) with 
(x/y)li2 Wherever (x/dj) rqrpears. Emarth (ref.  35) presents some experimental I 

data from a previous  investigator on the  velocity  profiles  in a two4imeneional f ree  
je t  and coqares them with the  theoretical   distribution derived from the momentum- 
transfer and modified vorticity-tratiiport  theories > both of  which give  the same 
theoretical  velocity  profile.  Excenent agreement of experimental and theoretical  
data is indicated. TIE h r g e  amount of data on f ree  jets includes many expressions 
for velocity  distributions. For f ree  jets (excluding  the jets of re f .  39), recom- 
mended expressions for the radius of the  potential  core, and lateral and ax ia l  ve- 
locity  distributions  are  equstions (56), (57 ) ,  and. (59), respectively. Half- and 
0.1-velocity radii can be  determined from figure II-20. 

3 -  

wbulen t - f l a r  temperature prc$iles : Experimental distributions of temperature 
i n  ax id ly   symet r ic   f iee   j e t s   a re   expressd .  i n  f i + e .  IS-21. Reeults are expressed 
i n  terms of half-temperature and 0.1-temperature r a t io  radii. In   the same manner 
as the  velocity  ratioa,  the temperature ratios  me'definea ae the   ra t io  of the tem- 
perature  coefficient T at any point t o   t h e  temperature  coefficient 'tm at a 
point on the axis i n   t he  sane longitudinal  plane. . The temperature coefficient T 
has been defined in the theoretical  section  consiqering temperature profiles i n  
turbulent f l o w .  For distances  greater than  5 je t   o r i f ice  diameters downstream, 
straight  Unes of half-temperature r s t i o s   l i e  on a cone of half-angle of 6.7O w i t h  
the apex of the cone a t  the  center of the  Jet   or i f ice .  For 0.1-temperature ra t loe,  
the  dlstance damstream must  be greater  than 10 jet or i f ice  diameters, and the 
hax-angle is n.7'. 

Longitudinal distribution of temperature i n  axial ly  symmetric f ree   Jets  is 
shorn in figure 11-22. The temper8ture of the  jet remains  approximately  constant 
for  a distance of ab& 5 diameters:, or the length.of tkie potential  core. For dis- 
tances from 10 t o  50 je t   o r i f ice  diameters from tl je.orlfice,  .- 

- .  
. .  

- .. . 
1' 

. .  
1 

0 

-. 
" . 
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This eq-tiun is recommended by Squire  (ref. 40) as representative of the tern- 
ture  dis t r fbut ion on the   j e t  exis. A better  expression far ax ia l  temperature dis- 
tr ibution,  for  distances f rom 5 to 20 j e t   o r i f i ce  diameters from the o r e i c e ,   i a  

No experimental data showing the temperature'distribution i n  two-dimensional 
f r ee   j e t s  were found. However, Hmarth (ref. 35) assumes that the agreement of ex- 
perfmental and theoretkcal temperature dis t r ibut ions  in  two-dimensional f r e e   j e t s  
is as good as with axially symmetric jets. 

C o U  jets. - Velocity messurementer In general, only a free jet spreads 
coni-. Also, a boundary layer f r o m  the  tube or nacelle  containing  the  jet may 
have an important  influence on the   j e t  when the stream  velocity is an appreciable 
f ract ion of the  jet  velocity. As a result ,   correlation of experimental data has 
led t o  general  empirical rules concerning the  characterietics of coaxial  jets. 

squire  (ref.  40) states tbt 

half-velocity or 
above radius of (66) 

This  expression  should  not be applied  for  longitudinal  distances greater than 30 
Jet  oriflc~= diameters downstream. For the same Longitudinal  distances and f o r  
values of D /U less than 0.6 , t@e velocity on the a x i s  can  be approximated by 1 3  

U"U1 x 
( U j  - U 1 ) q =  1 - O.S(UI/UJ) 6.5 

An approximation for the length of the potent- core i a  

Fors ta l l  and SaEtpiro (ref. 39) present  the following e q i r i c a l  equations for cO- 
axial jets: 

I p e 4 + l 2 -  u1 u J 
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where 

Lp potential  core length 

r radial distsnce.from  Jet axls 

ro outer  radius of Jet 

rq2 radius at w h i c h  U = 0.5 (U- + Ul) 
Discrepancies exist  between these t?cpatiOUfI  and the  empirical  correlations of  ref- 
erence 40. However, equation (72) approximates a sirnilas theoretical  equation of 
reference 36. 

Temperature measurements: I n  general, tenspera.ture measurements in  coaxial  
jets  are  less  extensive  than  velocity measurements.  However, Squire (ref. 40) 
suggests  the following empirical  rel&ion based largely on the previous  correspond- 
ing velocity  relation: 

{ Increaae i n  radii of half-temperature ratio 
o r  0.l-tenlperature ra t io   c i rc les  above } C C p  ;,"1> (75) 
radius of Jet   or i f ice  

This approximation applies at longitudinal distances a!? less than 30 jet or i f ice  
diameters from the  Jet   or i f ice .  

The temperature coefficient 7- at any poi& on the  Jet  ax ia  can be approx- 
imated by 

c 
." . - 4 " 

.. . 
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The use of the  velocity basis for the preceding  temperature  appraximatiom 
ref lects   the inadequacy of experimental data. As indicated  in the theoret ical  dis- 
CUESiOn of coaxiaL jets, there is lfttle agreement of velocity and temperature  pro- 
files. For coaxial jets, recommended expr~sfons  far correlation of j e t   s ize  and 
velocity parameters are equations ( 6 9 )  t o  (74) (ref.  39). Recommended expressions 
for t eqe ra tu re  parameters are  equations (75) snd ( 7 6 )  (ref.  40) .  

Normal jets.  - The penetration of gas j e t s   in to  gases moving normal to   the   Je t  
are of special interest   in  the  design of combustion chambers of turbojet  engines  in 
which the openings fo r  air admission are normal t o  the flow dtcection of the hot 
W e s .  In  general, the definit ion of jet   penetration and the degree of mixing have 
been arbi t rar i ly   specif ied by different  ktvestigatore. As a result,  dif'ferent  cor- 
relations of experimental data have been developed. 

Penetration:  Experimental data indicating the relative  penetration and mbdng 
of je_ts of cold air (temperature,  approxfmately 575O R )  w i t h  a no& f la r ing  
stream of hot. a i r  (temperature, appmx%nateJy 1350° R) are presented i n  reference 
37. Penetration was defined as the normal distance from the   phne  of the  cold-afr 
orff ice  to the  point of' mininnnu temperature 1.5 duct widths downstream of the ori- 
fice  center  l ine.  It is concluded i n  reference 37 that: 

(1) For circular  cold-air  jets Crp different diameters and a range of velocit ies 
and temperatures of the two streams, 

i;, Rela t ive  penetration, or 2 Penetration 
D u c t  depth = 9s 

Volume flow rate,   hot 
stream 

(77 1 
where kg and klo are constants.  This  relation holds until the r e l a t i v e  pene- 
t ra t ion  becomes approximately: 0.6, at which time the  cold-air jet approaches the 
opposite w e L l  of' the duct. 

(2) For the same open area,  cfrcular and squsre  holes give approximately the 
same penetration,  while longitudinal and transverse rectangular holes give be t te r  
and w o r s e  penetration,  respectively (fig. II-23). 

(3) In  general, main-stream turbulence  reduces j e t  penetration. Data express- 
ing the  effect.of  turbulence  an jet penetration are very meager in   the   l i t e ra ture .  
The qual i ta t ive  resul ts   qTted  herein m y  depend t o  some exbent on how the main- 
stream turbulence Is generated. 

( 4 )  Pressure  losses  are less fo r  a given penetration by use of a SITBI.~ umber 
of large holes than by use of a large  nmber of amall  holes. 

R e s u l t s  from a similar investigation  in EL winch-square duct i n  which hot-air 
j e t s  (temperature,  approximstely 104@ R) entered normal flowing  streams of cold 
a i r  (temperature,  approximately 60O0 R )  through different   shqed openings have been 
presented in reference 43. Penetration was W i n e d   i n   t h e  same manner as in   re fe r -  
ence 37, except that PO l imitations w e r e  imposed  on the  distance dovnstream of. the 
orifice  center  line.  Relative  penetration data w e r e  sat isfactar i ly   correlated  in  

7 
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terms of either mass or momentum ratios of the hot  stream t o  the  cold  stream. 
Relative  penetration  increased w i t h  increases  in  either &sa or momentum ratios.  
The e-. af ho le  shape on relative  penetration was generalize& by diviaing  the w 

relative  penetration of jets from equal-area ho-8 of circular,  sqyare, and longi- 
tudinally  rectangular shape (ref. 37) by  the longitudinal length of the  hole 
(fig.  II-23). 1 -- 

" 

Penetration  data for heated  circular  jets of air  (temperature,  approximately 
8600 R) entering  normally a 2- by 20-inch duct f i l led with a stream of cold air 
(temperature, anibient)  flowing at   veloci t ies  &-60 or 360 fee t  per second axe pre- 
sented i n  reference. 44.. PenetrstJ@n waa defined a s  the  distance  to  the point at 
which the temperature was lo R greater than the-f'ee-s~r-Gxii"total temperature. 
Data expreasing the penetration were correlated by the expreesion 

. .  

where 

s longitudinal  distance from Jet   orifice  center  l ine 

UJ velocity of j e t  at vena contracta 

Ul velocity of n o m  stream . .  

p J  density of j e t  fluid a t  vena contracta 

pI density of normal stream 

. .  . .  . .. 

" 

.I 

. .  
- " 

.* 

Penetration was unaffectea by varlstions of Reynolds number from O.6x1O5 t o  5.Ox1O5, 
viscosity  ratios of the two stre- from 1.5 t o  1.9, and ratioe of duct  width t o  
j e t  diameter  from 3.2 t o  8.0. 

" 

. ..  - . .  - - .. -. . 
" . "  - 

A s i m i l a r  re la t ion w a s  found (ref. 46) for the penetration of liquid j e t 8  of 
. " 

water injected  norndly From small, siqle ,  arifice-type nozzles Into a high- 
velocity  etream of ai37 (velocity,  approamate- 700 ft/eec).  Penetration, wined 
as the maximum penetration of Yqdd at any longitudinal position, wae determined 
photographically. The data were correlated by the following engdrical  expression: 

Tenperatme distribution: N o  data indlcat;ve of the  tenperatme  profile8 of 
a cold jet   entering a normal moving stream of .hot.gaees.Gere foullb. However, the 
entry of hot  gases into a zuIIIIpB1 moving stream of cola a l r  ha8 been investigated 
(ref. 46). Temperatures of the  hot  gases ranged  from 660' t o  8600 RJ orif ice  
W t e r s  ranged from 0.250 t o  0.625 inch3 and free-stream  velocities  ranged from 
160 t o  390 f e e t   p e r .  second. Orifice  pressure  dffferentiale, w h i c h  were much high- 
er  than would be  encountered in t'krbojef conibust;6rs, igriged f r o m  1.20 to 3.70. A 
method waa presented fo r  simple  *termination of the temperature prof i le  downstream 
of the  je t   or i f ice ,  The prqcedwe.  lnv+ves . determination .- of the penetration of thc 

. .  i 

- .  . " ... . 
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j e t  a t  tu0  positions and determination of the upper and lower slopes of the  profile. 
The slopes of the  profile  are  functions of several dimensionlees q o n e n t i a l  ra t ios  
i n  w h i c h  the exponents m e  functions of the   t es t  equipment and condltiona. The 
maximum temperature  dffference a t  any downstream posit ion u&s found to be a func- 
t ion of the  difference between j e t  and main-stream temperatures, and the  ra t ios  of 
jet or i f ice  diemeter t o  main-stream  width  and longitudinal  distance aownstream. 

Figure 11-23 is recommended fo r  determining the penetration of single  cold-air 
jets  entering a flowing stream of hot gases. This f igure is more applicable to the 
design or a n d p i s  of turbojet  conibutars w'hich have low orifice  pressure  ratios. 
Far penetration of gas jets from orif ices  having high pressure  ratios,  equation 
(78) is recommended. 

Oblique je t s .  - Penetration: Data expressing the effect of f l u i d  je t s  mixing 
with fluids f lawiw at angles  other  than 00 or  900 are meager. The investigators 
O f  reference 35 var ied  the  entrance angle of hot  circular  jets  to  include  angles of 

2% , 4S0, goo, and 135O with  the  direction of flaw of the main stream. I n  general, 
ma~lrmrm and minimum pene.trations were obtained  with jets at 90° and 22T t o   t he  
direction of flow af the main stream for all momentum ra t ios  and distances d m -  
stream of the jet orFfice  center  line. For angles of 1350 or 450 , the better tingle 
f o r  penetration w a s  dependent upon the  position "bream and the molllentturn ratio of 
the two streams. Representative data m e  presented i n  figure IT-24 (ref.  43) in  
terms of relative  penetration of the  jets.  

10 

10 

Temperature distribution: Data expressing  the  temperature  distribution  in ob- 
lfque jets me meager. However, Squire (ref. 40) presents  general b t a  for the 
distribution of temperature i n  a hot jet   entering a cold  stream from a l-inch- 
diameter circular   or i f ice  in  the w a l l  of a 3-inch-diameter duct. The angle between 
streams w a s  150. Representative data for this configuration are presented i n  f ig -  
ure II-25. With increasing main-stream velocities, the spread of the   Jet  is re- 
duced and the  center line of the temperature prof i les  is bent downstream. In addi- 
tion,  a t  a stream-to-jet  velocity  ratio of approldmately 0.4, the  center line of 
t he   j e t  becomes p a r a l l e l  t o  fhe main-stream flow at approximately 8 inches down- 
stream of the  center of the jet or i f ice .  

Multiple  jets. - Multiple j e t s  and their   in teract ion or combiaation are  of 
special   interest   in  the  design of combustion chanibers i n  which air openings are  
generally  closely spaced. I n  addition,  the  interactLon or coalescence of j e t s  may 
be i rqortant   in   the design of several jet engines mounted together to form a single 
propulsive unit. 

Free-jet velocity  diatribubion:  Qualitative data are  presented b;- Squire 
(ref. 4) for two 0.6-inch-dimieter jets,  with  centers 2 inches apart exhausting 
into s t i l l  a b .  A t  a distance of 17 jet  orFfice diameters damstream of the  plane 
of the orifices, the  velocity  distribution  indicated  the  separate jet origins. A t  
45 Jet  diameters downstream, the jets had coalesced, and a single jet-velocity dis- 
tribution  existed. As a rough  approxfmation . to  determine the  velocfty a t  any point 
i n  a field of  two adjacent  free  jets,  Squire  suggests that 

u2 = u; -I- u .  
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U velocity a t  point  with  both  jet? 

% velocity at point in  first j e t  

UE velocity  at   point  in second j e t  

I n  addition, Sq-e states that a row of jets coalesces and behaves as a two- 
dimensional Jet  at  sufficient  distances from the ortftfices. A t  distances  greater 
than 10 times tlq distance between the  centers af the  individual  orifices,  the flow 
w i l l  approximate the -PM for a two-dimensional Je t  of the same  momentum per unit 
length. 

Free-jet  spreading and interaction:  Spreadiw and interaction of adjacent  free 
je t s  from circular   or i f ices  have been investigated by the NACA (unrpublished data). 
Pressure  differentials.  across.  the  orifices were q c h  higher  than  those usu- 
found across  orlfices in combustion.chanibera of aet  engines. The Jet  boundary w a s  
arbitrarily  defined as the  point at which the   ra t io  of the Mach nurnber at that  
point t o  the Mach number of the   j e t  expanded isentropically  to exhaust ambient 
pressure w a s  0.U. Figures IX-26(a] t o  (a) include data showing the  jet boundaries 
at various positions downstream far,   several   orifice  pressure  differentials and Je t  
spacinga. From these data, it is apparemt that t?ie distance  before  interaction of' 
adjacent  jets occurs decreases  with.increasing  pressure  differentials and decreas- 
ing  spacings between jets. For sons low orifice  pressure  aifferentials and large 
spacings between je ts , ' in teract ion of the  je ts  daes not appea.t! t o  occur within  the 
region aL%he potential  core. 

6 
N 

I 
P" 

" 

* *  
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Free-jet temperature distribution: A smal l  amount of data showing the temper- 
ature distribution i n   t h e  w a k e  af two adjacent jets  is also apallable (urrgubliahed 
NACA data). Radial  iListribution of temperature Of two j e t s  a t  temperatures of 
1410° and 5400 B are sham i n  figure  II-26(e). A t  an axial  distance of 6 Jet diam- 
eters ,   the  generalteed temperature .profiles of the  hot jets were approximately the 
same as those of the cold jets.  Figure II-26(f)  includes  temperature profiles of , 
two hot   paral le l   je ts  from the  exhiust of a rocket. The data have been generalized 
i n  t e r n  of the  previously defined temperature coefficient %. For the  perrticuler 
Je t  spacing,  the  spread of t h e  high-tearperatme j e t s  at any axial position de- 
creases w i t h  increasing  Jet  temperatures. Radiai distances for constant values of 

*om the  plane of the nozzles. Similar data w e r e  fauna by Sloap ana Morrell 
(ref.  47). . .. . 

increase t o  a maximum before &*easing with  <ucreasing longitudinal dietancea 

Normal jeta:  Multiple gas jets  entering normal flcndng gaa streams are dis-  
cussed briefly  in  reference 37. NO quautat ive data are  presented. However, ln- 
cluded schlieren photographs indicate that two orifices i n   l i n e  i n  the  flaw direc- 
t ion give better  penetration  than  orifices  staggerea In  position.  In  reference 37, 
V i l a  suggested that.* mixing with  circular ap&ings i n   l i ne  is  similar t o  that 
with  longitudinal  slots. For lon&tudinal s l o t s ,  it is  hypothesized that the xake 
of the upstream half of' the  jet  allows the downstream half to  penetrate  farther 
into  the  hot atream  than u0;Uld be  possible otheriflse. It is ale0 suggested that  
the optimum distance between jet  center lines should be  approximately 2 j e t   a r f f ice  
dfameters. 

. .  

L 
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Orifice  cqefficienta. - Determination of m.ss flaws through openings in   cm- 
bustion chambers requ$res a knowledge of the orifice pressure  aifferentials and 

. .  
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discharge  coefficients. Much data are a v a i l a b l e  per ta ining  to  the U s c h a r g e  coeffi- 
cients of orifices i n  a plane no& to a fluid flarrlng i n  a duct. However, i n  com- 
bustion chanibers of ram-jet or turbojet  engines,  the  relative  position of openings 
and the  presence of flame and crossflow of gases generally limit the  applicablli ty 
of such data. As a resul t ,  various investigators have attempted to simulate the 
flow conditions i n  combustors for experirental determination of orifice  coefficients. 

Sone of the parameters investigated  in  the experimental study of flon coeffi- 
cients  are  oriftce  sizes,  shapes, and pressure  Bifferentials, and velocities and 
Reynolds numbers  of the  gas  streams. C- and Bawden (ref. 48) determined the 
dischsrge  coefficients of gas jets nmmal t o  air streanm as a function of or i f ice  
pressure  dlfferedials  and j e t  Reynolds nunibera far circular,  square, and e l l i p t i ca l  
orifices. The effect  of  air-stream  velocity was also investigated. However, most 
of the data presented are for much higher  orifice pressure different ia ls  than would 
normaUy be encountered i n  jet-engine ccmhustors. For orif ices  of the same area, 
e l l i p t i c a l   o r i f i c u  (with the major axis parallel t o  the direction of flow of the 
main stream) had higher  dischaxge  coefflcients,  fallowed by square and circular 
orifices.  ?be -charge coefficient  increased  with  increases  in major-t.o-minor 
axis ratios. These results agree i n  general  with  the results of reference 37, i n  
which m x b u m  penetration of jets frcnn longitudinal  slots w a 8  compared with  that of 
circles  and squares of the same area. 

The experimental data of reference 48 were c o r r e h t e d   i n  terms of Jet  R e y n o l d s  
numbers and orifice  pressure  ratios.  For j e t  Reynolds umBers from O . X @  to  
3.6Xl05 and orifice  pressure  ratios from 1.15 to 2.09, the  following  correlations 
were obtained  for  jets emanating f r o m  sharp-edged orifices into still  dr: 

CircuLar or i f ices  : 

- r =  
ch 0.948 + 4.83 (RejX10m4 + 

f = 0.151 + 0.44 
*J 

Square or i f ices  : 

c 

T =  ch 0.916 + 7.50 (RejXlO” + 74.0)-l 

Ell ipt ical   or i f ices:  

Re X10m4 -1 

T= ch 0.964 + O.l3C&+ + 0.63) 

5 = 0.149 + 0.469 
PJ 

B = 5.97- - 4.17 
PJ 
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Ch orif ice  dis@arge coefficient. 

pj   s ta t ic   pressure of j e t  

pt ,  j total   pressme of  j e t  

Rej Reynolds nmiber of j e t  

I n  addition,  discharge  coefficientspor  jets  entering main stre- having veloc- 
i t i e s  as p e a t  as 380 feet   per second can be csl&ted from the -preceding formuJ.as. 
Harever, the static  pressure of the  je t  must be-calculated from the  static  pressure 
of the main stream by m e  of the  Bernoulli an& continuity  equations based on orifice 
open area,  using  the main-stream width mim the maximum width of the jet. 

Some data are  available  indicating the effect.  of hole diameter, J e t  Mach num- 
ber, and internal ar external  crossflow on the- f& 'c6efficients of or . s ices   in  a 
6-inch-diameter tub-. copbustor l iner.  Typical data from reference 49 are  pre- 
sented  in  figure 11-27. For  3/4-inch-diameter or i f ices   in  the 6-inch-diameter 
t&ibular liner, 8 line-  variation of discharge  coefficient f r o m  0.605 t o  0.64 waa 
observed as j e t  Mach number varied from 0.10 t o  0.42. These data are  applicable 
for zero  crossflow and a &mum of ..12 wif ices .  me m i a t i o n  is greater  than 
observed in  reference 48; however, such differences.rky.be  a t t r ibuted  to   differed 
experfmental apparatus. With e x t e r d  Crossfluw, colcracted discharge coefficients 
decrease  rapidly for orl.fice-to-cro~efltw Madh h q e r   r s t i o s  lesa  than 5.0 (fig. 
II-27(b)). Corrected  dischexge coefficients  increase with increases in ori-  
f i ce  diameter,  with the increase becornin@; less  =ked with  increasing  arifice-to- 
crossflow Mach nuniber ratios. The kffect of int- or e x t d  crossflaw on 
corrected  orifice  discharge  coeffic$ents is presented in   f igure  II-29 as a fraction 
of the corrected  discherge  coefficient fOr zero & O S S ~ ~ O W .  Over a W g e  range or 
orifice-to-external w. - i n t e r n  c~.bssfl& Mach n w e r   r a t i o s ,  the orif ice  ais- 
charge coefficient ie greater with 3nt- C ~ O S S ~ C W .  

AddltFonal data  inaicatiug  the  effect of Lnternal or external crossf low and 
orifice  pressure  ratios are available  in  refkrenc& 50, esentative data for 
zero internal flaw and various extqnal. velocities  with  $kch-biameter  orifices 
are  presented in figure 11-30. For zero. & ~ ~ C r o S s ~ B w ;  the   or i f ice  is similm 
t o  a norma1A.S.M.E. or i f ice  in a straight pipe vith a dischasge coefficient of a p -  
proximately 0.6. The dischaxge coefficient  decreases  with  increasing  external ve- 
loci t ies  and decreasing orifice  pressure  ratios. These trends  agree  qualitatively 
v i th  the resul ts  of reference 48. . 

Much data within  the range of orifice  preesure  ratios  in  the cambustion cham- 
bers of j e t  engines are  presented + reference 50; Representative  discharge  coef- 
f ic ients  of two circular  orifices &re presented ip figure II-31 in terms of 4/s, 
and v a r ~ o u s  e x t e r n - i n t e r n a l  flow velocity ratio's; . I z i  g k n d ,  .orwice 
coefficients  increased w i t h  decreases in  extern+internal flow velocity  ratios and 
orif ice  diameters. The change i n  slope of the curves of figure .11-31 is hypothe- 
sized t o  be the  result  o f  opposite.  influences  exerted by the  internal and external 
l a t e ra l  velocitties. That is, an interaction which is dependent upon the  velocity 
r a t io  occurs. For external-internal  velocity  ratios  less  than approximately 2 , the 
'Lnternal velocity is more importank, vith the  external  velocity  being more impartant 
at velocity  ratios  greater than 2. 
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As a first approximation f o r  use i n  combustion chauibers of jet engines, 0.6 
should be used f o r  orifice coefficients unless appreciable internal OT external 
crossflaw exists. In  such  cases, a corrected  orifice  ascharge  coefficient can be 
determined from figure II-28 fo r  the proper  orifice  crossflow Mach n-er r a t io  
and orFfice diameter, or can be determined f r o m  figure II-29 by multiplyins by 0.6 
the   r a t io  ch, cf/ch, cor for the proper o r u f c e  c r o a s f l m  Mach eer ratio. 
Either af these two values should then be corrected for the   effect  of jet Mach  num- 
ber by  &tiplying by cd0.6 where ch is read from figure 11-21. 

The aerodynemic mixing of mass, heat, and momentum i s  of fundamental iqortance 
t o  many of the processes  involved i n  converting  the  heat  energy of fuel t o  an opti- 
rmrm distribution of momentum f n  the working fluid stream of Je t  engines. The proc- 
esses involving aerodynamic mixing include fuel-air mixing, conibustion, and jet 
mixing, a l l  of  which occur under turb-nt flow conditions. For t h i s  reason,  the 
discussion of mixing emphasizes turbulent  tramport  in  high-velocity gas etreams. 

The mixing of quantities such as mass, heat , and momentum in  turbulent gas 
streams is accomplished by  the gross transport of large g c o q s  of gas molecules by 
means of the turbulent f luid motion, w i t h  local mixing proceeding by means of mo- 
lecular motion. The turbulent and molecular mixing of heat and m s s  follow the 
same general lms, from which different ia l .  eqagtions may be formed for use i n  the 
solution of problems in the U u s i o n  of mass ana he&t in tmbulent streams. Solu- 
t ion of the differential  equations of dffPusion i s  ccaqlicated  by the dependence of 
the molecular diffusion coefficients on temperature sad presme, and the dependence 
of the turbulent  diffusion  coeffichnts upon tfme. For agplicationa where the mo- 
lecular  diffusion  coefficient is constant ar negligl'tzle conlpared with the turbulent 
diffusion  coefficient, a generalized farm of the dffferential eqmtion of aifpueion 
may be used to obtain exact or graphical solubiona far a w i d e  variety of transport 
problems encountered i n  jet-englnecombustor  design. The following sections  in- 
clude a general  discussion of the  theory of turbul& diffusion, a discussion of 
the solution of the  differential  equations of diffusion, 8 tabulation of solukions 
of transport problems f o r  a wide variety of boundmy conditions, a discussion of 
the effect of periodic flaw fluctuations 011 transport, and applicatione of turbu- 
lent  diffusion  theory t o  problems i n  fuel-air mixing. 

Fundamental Equations 

Empirical l a w s  of heat, ~ S S ,  and momentum transfer. - The different ia l  equa- 
tions  describing  the  transfer of heat, mass, and momentum arise f'rom a set of simi- 
lar empirical l a w s ,  each of w'hich state that the flux of a quantity  being  trans- 
ferred through a unit  area is equal t o  the concentration  gradient of the m i n g  
quantity  multiplied  by a caefffcient. As s h m  in reference 39, these lsws may be 
tabulated for comparison between the molecular and turbulent  cases as follows: 
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Empirical l a w  Diffu iou  of Laminar f l a r  (&<ecular') Turbulent flaw 
.C 

. .  . . .  

1 Fick I Mass. I 

where 

C concentration 
" 

- .  . .  

c isobaric  8pecFfic  heat 
P . .  

coefficient of turkulent diffu~ion of heat 

coefficient of turbylent diffusion of ~ S S  

% coefficient of turbulent  diffusion of mmntum 

% m o l e c w  dtffwtoq  coefficient. (mass) 

U mean atream velocity 

X distance normal t o  A . . 

r fluid sheaxing stress 

x therlnal  conductivity 

. . . .  ._ . - .  . .. 
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These empirical l a w e  may be correlated  by  the FTandtl and Schmidt  nmfbere, far 
both  the laminar and turbulent flow cases : .. 

- . " 

Nuniber Turbulent Laminar 
I I 

. 
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Fluid 
msterial flaring 

Turbulent flow Laminex flow Diffusing 

Pr sc *T 1 "T 

A i r  

.64 785 Sal t  water Water 
0.70 0.34 Hel ium A i r  

0.76 0.74 W a x m  air 

From the preceding  exgerlmental results, it may be concluded that the  turbulent 
diffusion of heat and mass occur at equal rates, since  the  turbulent Prandtl and 
Schmidt numbers axe essentially equal for t he  separate cases of mas8 and heat 
transfer. The latter 'conclusion is i n  agreement with the  s ta t ls t ical   theory of 
turbulent  diffusion, which is discussed i n  the next  section. A necessary pre- 
requis i te   to   the  use of the empirically determined turbulent   Ufueion  coeff ic ients  
is that the  turbulent flow f i e l d s   t o  be correlated must have prcrpmtional  turbu- 
lence lev& and similar turbulent  velocity  autocorrelation  coeffidients. A fur- 
ther   l imitat ion  to   the use of the  dimensionless Prandtl and Schmidt  nmfbers arises 
from the assumption of a constant  coefficient af diffusion, which i n  subsequent 
sections is  sham to be a function of time. 

Differential  equations of dlffueion. - The differential  equations of aiffusion 
may be derived from the empirical l i ck  and Biot-Fourier lmrs by equating the amount 
of the duffus- quanttty enter-  an  infinitesimal volume t o   t h e  %*-rate ~f 
change of the t o t a l  arpount of the  diffusfng quantity in  that  infinitesimal volume 
(refs. S. and 52, p. 7). 
diffusion of mms without 
becomes 

ac 
at= 

Far the case of the combined turbulent and molecular 
l oca l  sources or sinks , the differential  equation 

where t is time, and the are rectangular  comdimtes. If the turbulent 
f i e l d  is homogeneous and isatrqpic,  equation (84)  may be simplified t o  

The different ia l  
of heat  without local 

equation for the codined  turbulent and molecular traneport 
somces or sinks is 

A transformation of t he  independent variable 
sented i n  reference 53 msy be employed: 
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where H is the specific  enthalpy and is  a baae, or  reference,  temperature. 

If the  turbulent field is homogeneous  and isotropic, and if the molecular dif fus iv-  
i t y  X i/p% is, s u ,  or  nearly  constant, and equal  In all directions,  equation (88) 
may be simplifed t o  . ~ .  .,I.. 

- ..- I" .- - " - 

= (.. + %)2 (i = 1,2,3) 

Exact solutiom of the precedlng different ia l  equations can be made fo r  a 
variety of transport  problem only if the functional f m  of. the U f u s i o n  coeffi- 
cients  are known. The effect of temperature and pressure on 'the molecular t r a n s p h  
coefficients % and %/PCP for most gsseoue system cafl be found i n  the l i t e r a -  
ture. The turbulent diffusion coefficients % and % can be determined exper- 
mentally, o r  may be predicted theore-k&Lcally from lmkledge of two fundamental par&- 
e t a s  of the  turbulent  field. The relatiop  betveenjthe  turbulent  diffueion 
coefficient and the parameters of the turbulent f ie ld  Fe found in the T'a~ll~r theory 
of diffusion by continuous - movenknts,  which is emmtirized i n  the fol l&ing section. - " - . . . .. . - - - ". . - -  . . . . 

" - 

Homogeneous , Isotropic, Turbulent Fields 

Dsfusion by  continuous movements. - The themy of diffueion by continuaue 
movements, f i r s t  preeented i n  refereoce 54, is generally considered t o  give 8. funda- 
mental descrlption of the mechanism -6r tirrbulent afuaion.. The theory provides a 
coefficient of turbulent  diffusion which may be used direct ly  i n  equations (84), 
(85), (88), and (89). A6 will be 6him-u in sub6eq1.xh-t paragraphs, t h i s  dFffusion 
coefficient  is  a function of two parameters that  characterize all turbulent  fielda. 

The f i r s t  of the two turbulence  parameters i s  .called  the  intensity 0, e, " .  .. - .  . , .  . 1 :. - . .  

or @, which defines  the magnitude? of the  turbulent  veLocitie6-h  the  three 
Cartesian  coordinate  directione : 

- . . .  . 

where U is the mean stream velacity, and the time averages U, 7, and ;IT are e;U 
zero. The second turbulence  peameter used in  the Taylor theory is t he  Lggrangian 
double velocity  correlation  coefficient r0 (sometimes called the  autocorrelation 
coefficient) vhich describes the &bee  of correlation between the  turbulent veloc- 
ities of a particuLar  fluid  particle at time zero .md at time t: 

- 

.." 
' 7 D  

Ir) 
N 

." 
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"0% so, = RE-  

where the 59's are functions of the  time In t e rva l  t, End where the double bar over 
the product of instantaneous velocit ies &=notes an avefage of R large umber of 
par t ic le  motions. 

When the  turbulent field is homo~mous ( @ = @, etc.  ) , the L8grangFan 

correlation coefficients may be written a8 

Since the mean displacement Y of a large number of fluid pmt ic l e s  is given by 
L 

rt 
' = J o  v a t  

and since 
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As ehown in references 55 and 56, the  quantity ay2 corresponds d i r e c t l y  t o  the 
turbulent  diffusion  coefficient D, BO that 

c 

a 

The turbuleuLdiffwion  coefficients  derived in the  previoue  equations make no 
dis t inct ion between the  transport of heat and.nrass; afid %we therefore  considered t o  
be applicable t o  both 9pUatiOnE (85) and (89). It is of part icular   s ignif icance  to  
nate that the Taylor theory asaumea -a hombgene6xit-l;arbulent f ield vhere the  values 
of the  vmioue  intensities and correlation  co&'ficients do not change with  position 
in the   f ie ld .  

. .. 

Correlation  coefficient. - Direct llleasureqente of the Lagrangian correlation 
coefficient does not appear t o  he feasible  by conventianal anemometry tech- 
niques, since by definit ion the motion of  a particular  paxticle must be observed 
over a finite length of time. An Eulerian domle velocity  correlation  coefficient 
9' has  been defined by Taylor in   reference 57 and .generalized by von R&&n and 

Hawarth In  reference 58. The Eulerian  correlation  coefficient 8' describes the 
degree of correlation between fluid parkidle  turbulent  velocities at two U f e r e n t  
points i n  the f i e l d  at the  same i n s t k t .  For a homogeneous turbulent field, the 
Ner ian   cor re la t ion   coef f ic ien ts  o f  in te res t  in the  present  discussion sre those 
relating  the  turbulent velocLty components at the  point (O,O,O) and (x,O,O) : ... 

* . 

The correlation  coefficient a' c" be measured di rec t ly  by conventional anemometry 
techniques (refs. 59 and SO), but to date a re lat ion has not  been f d  between the 
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Lagrangian and Ederian  correlation  coefficients. The distinction between the two 
correlation  coefficients is i l lus t ra ted  in the  following diagram of par t ic le  posi- 
t ion  and turbulent  velocity components: 

It is evident fromthis diagram that measurement  of velocity components a t  the 
points (0, O,O) and ( x , ~ ,  01 cannot r e s a t  in the true Lagrangian correlation I of 
either part ic le  a or  b. 

A tu rbdent  diffusion experirgent reported i n  reference 6 1  has iUdiCRted that 
the  Eulerian sca le  af turbulence 9’ may be roughly equal t o  the Iagrangian  scale 

of turbulence 9 for  turbulence Reynolds numbers ( @ 9 ’ t ) / Y  * 100, where the 
Eulerian and ‘kgrangian scales  are  defined by 

h 

While the equivalence of the Lagrangian and the EulerJan scalea has not been fully 
estabushed, it appears t o  be a fair approximation and will be used herein for 
purposes of i l lustrat ion.  Dryden hss noted (ref. 62) that measured correlation CO- 
efficlents commonly follow the  exponential form, and euggeats that the L-ian 
correlation  coefficient might have the form 
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( 9 5 )  

where tg i s  a characteristic time related t o  the Lagrangian s c a k  by definition: 

The exponential form of the Lagrangian correlation  coefficient  vas found i n  a dif  - 
fuaion experiment reported in reference 63, and is used f o r  illustration  herein. 
An exponential correlartian.coefficient is shown in figure II-32 f o r  typical ram-jet 
combustor approach-stream conditions of 300 fee t   per  eecond  mean"etream velocity, 
15 feet per second turbulence  intensity, and 0.15 foot Lagrangian scale. 

In  practice, the Lagrangian microscale of turb.ulence )r may have an appreci- 
able effect  .on.the form.._of _the_cogehtion coefYi+nt (ref. 61). The microscale 
is defined by the rel&ion 

........... - ... .  - . . . . . .  " 

and its effect  on the correlation  coefficient is &own in figure 11-32 for a micro- 
scale value of 0.0416 foot. 

The turbulent M u i o n  coefficient Dv, which r e su l t s  -om the  correlation 
coefficient av shown i n  figure 11-32, is  plotted -in figure 11-33 as a function of 
t im t and of the distance  damstream x through the  transformation x e: U t .  I n  
order t o  illustrate the effect of turbulence  scale ,on the  turbulent  diffusion co- 
efficient,  curves axe a l so  sham in figure 11-33 far a r a ~ e  of fcaie values, all 
other parameters remaining the seme. The curves show  two charecterietics of the 
turbulent  dtffusion  coefficient : . . . . . . . .  ". - .  

s ion 

s ion 

. 
" 

I 

" 

" 

.. 

(1) For small times ( t  c < t . ) ,  or short distances (x <<Ut,) ,   the eddy dif fu-  

coefficient  follows the form . .. . . . . .  - .. . . . . .  ." . 

D V = P t  

(2 )  For large times ( t  >+tS), or large distances (x > 'Ut,, the eddy diffu- 
coeff icieut follows the form . - .I " 

D, = F v 2fv * 

It is of particular  significance  to.note th&the.-tyrbyJent diffusion coefficient 
i s  not  coustant, as assumed i n  empir-ical treatments of diffusion, but is i n  ' rea l f iy  - . " 

a function of time, which may have a very large G i a t i d n  .in the -range of interest  
of processes such as fuel-air'mixing. 

- 
c 
- 

. . . . . . . . . . . .  
" ... " " 

Tmbulence spectrum. - Taylor has ahom (ref. 64) that the  Eulerian Co'melatiCm 
coefficient is related  to  the onedimensional turbulence  energy spectrum by the 
Fourier transform  integral -. 2 - " 

- 
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. 

91’ = Jo- F(f) cos - Z d X  a f  U 

where the spectrum density function F(f) represents the f ract ion of the t o t a l  
kinetic energy Wch lies between the frequencies f and f + 4f, so that 

The spectrum density  function F,(fl ahown i n  figure 11-34 corresponds t o  an 
Eulerian correlation coefficient of the  exponential form 

This short  discussion of the mlat ion  between the correlation  coefficient 
the spectnrm deneity function ie presented to mve &B a possible  insight  into 
nature of the Lagra&La.u crorrelatbn coefYicieent i n  cases-where flaw ffuctuations 
are present In a M t i o n  t o  thoere due to turbulence proper. The effect  of abnornd 
spectra on turbulent dffusion Fa discussed i n  a succeeding section. 

Comparison of turbulent and mlecuhr   &iffusion.  - An excellent measure of 
diffusion ia given  by the quantity 0, which is equivalent t o  the square of the 
standard deviation  used i n   t h e  theory of s t a t i s t i c s .  The standard squafe  deviation 
an due t o  turbulence is relatea t o   t h e  tyrb6len-t dfffusion  coefficient by the 
expression 

9’Z ’ -c D, dt (100) 

In e s l m i L q  manner, the standard square deviation due t o  molecular m t i o n  is  re- 
Lated t o  the molecuLaf diffusion  coefficient by (ref.  55) - 

( l a  

Methoda for the  determination of the   to ta l   s tanbrc l  square  deviation an, where 

o=rap+?G 

discussed i n  a sdseqgent  section on the stanaard square  deviation. A t  present, 
it will suffice t o  note that the greater the  value of the paremeter 0, the greater 
w i l l  be the degree of mlxing. Comparison of the  turbulent and molecu la r  standard 
square  deviations muat be based on the form of the  correlation  coefficient,  since 
the  turbulent  dwusion coeff Fcient depends U e c t l y  on the correlation  coefficient 
as s h m  by equations (92) to  (94). For purposes of camparison, a correlation co- 
efficient of the form given  by  equation (95) has been assumed, and the  turbulent 
and molecular mean square devlationa are plot ted in figure II-35 as a functfon of 
t a  for various values of the pararoetera dgv2 a d  d7/9v. 
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of practical   interest:  the diffusion of isooctane i n  a turbulent air stream. For 
t h i s  compazfson, the molecular diffusion coefficient. has been optimized by  assmlng 
a low s t a t i c  pre.ssure of 0.25 atmosphere ana  a .high  s ta t ic  temperature of lluooo R. 
A t  these  conditions, the molecular diffusion  coefficient d has a value of 0.000774 I 
square foot  per second. The turbulent sixmlard square  deviation 9 fo r  & mean 

stream  velocity U of 300 feet   per  second,, a turbulence intensity of 15 feet 
per second, and a Lagrangian scale of -0.15 foot, Was calculated from equation (100) 
using the turbulent diffusion coefficient shown i n  figure II-33. me turbulent and 
molecular standard  square  deviations &e sham in figure II-36 as a function of gu .. 

time. While the molecular standard  square  deviation is  negligible in this diffusion m 
model over the range of interest ,  th ia  may not always be the case. For example, the 
times and distances over which diffusion occurs i n  flame fronts a r e  so emall that  
the molecular diffusion coefficient might become significant. 

- 

" 

" 

Generalized form of differential  equations of diffusion. - ~olutions of the 
differential  equation of diffusion with constant  coefficients have been treated f o r  
a wide variety of boundary conditions i n  references 52 and 65. Equations (85) and 
(89) for the combined turbulent and molecular &Iffusion of mas8 and heat,  respect- 
ively, have coefficients that are function8 of the independent var lab le  time t, but 
may be transformed t o  equations  with  consttmt  coefficierrts  through the re la t iom 

Methods fm the  determination of the  standard  square  deviation u) are d iscused   in  
a subsequent section on the atandaxa  square deviation a. With the  transformtions 
(102) and (103),  equations  (85) and (89) became, respectively, 

ac a2c a"L=q 

.. . . 

" 

" 

which are amenable t o  the same solutions as the dWferential equations of diffusion 
with  constant  coefficients. 

Several methods have been  evolved f o r  the  solution of the differential equa- 
tions of diffusion for the various boundary conditions corresponding t o  the type of 
diffusion source. The  method t o  be followed herein is that which utilizes the in- 
stantxneous  point source i n  derivationa  for alL source  configurations. In addition 
t o  its value in   the  mare complex derivations,  the point 60urce model adequately de- 
scribes some diffusion systems of practical   interest ,  and l a  therefore treated in 
mre detail than the complex models. Since  equations : (104) and (105) are identical 
except fo r  the symbols defining the dependent variables, the- eolutions are also 
identical. Ekreimfter, the  equation  for the diffusion of m a ~ s  will be used, with 
the understanding that  i t s  solutions and those f o r  the diffusion of heat are 
iiientical in form. 

" 
- . .. 
, 
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Point  source. - The solution for a point  source of diffusion i s  given i n  ref- 
erence 65 (p. 338): 

where . .  

C concentration of diffusing  quantity a t  point (x,.) a,nd time t , lb/cu ft 

strength of point  source, lb 

r radial distance from streamline  passing  through  point  source, ft. 

X distance damstream f r o m  point aource, ft 

UI standard  square  deviation of f l u i d  particles , sq f t  

The value a is a function of time as illustrated i n  figure II-36(a) and may be 
determined  from eqnatlon (102), or by methods discussed i n   t h e  next section. 

As sham  in  reference 56, the instantaneous  point  source  solution may be used 
t o  solve f o r  the case of a contirmous point source. The concentration C at a 
point (x,.} is  obtained by a summation of contributions t o  that point by instan- 
taneous  point  ~ources  located at the point ((x - ut),o,o): 

w h e r e  I@ I s  the weight-flow rate (lb/sec) of material issuing from the  point 
source. With the  exception of the limiting cases of very small and very  large dis- 
tances from the paint source, the functional farm of LD does not permit dfrect 
integration of equation (107). To permit comgarison w i t h  several approxfmate forms 
t o  be discussed, equation (107) has been  solved  graphically and p lo t ted   in  figure 
11-97 for  the following  conditions: 

F l u i d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A i r  
Mean velocity, U, ft/sec . . . . . . . . . . . . . . . . . . . . . . . . . . . .  300 
Static  pressure, a t m  . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.25 
s t a t i c  temgerature, 41' . . . . . . . . . . . . . . . . . . . . . . . . . . .  1100 

Turbulence intensity, P 6 = 6, ft/sec . . . . . . . . . . . . . . . . .  15 
Turbulence scale , 9, =9v =?lrw . f t  . . . . . . . . . . . . . . . . . . . . .  0.15 

Correlation  coefficient, 9, = a, =I fa, e 
Fuel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Isooctane 

-t/% 

Molecular diffusion  coefficient , sq Ft/sec . . . . . . . . . . . . . . .  0.000774 

. . . . . . . . . . . . . . . . . . .  
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For large tintea t > W t . ,  neglecting  diffusion  in  the  x-dlrection,  equation (107) 
has the approximate solution (ref's. 56 rand 66): 

The appr oxhate   solut i  o m  given by equ&tions (loa) t o  ( n o )  are  conpr 
exact  graphical  solution in figure 33-37, and it i s  evident that these 
hold o n l y  for extreme values of x o r : .  t. . .  

ed ni th   the 
solutions . . ." 

An approximate solution whfch i s  apparently mre  nearly  exact  than  the preced- 
ing ones i s  given in  reference 68: .. . . - . - " 

where 0) i s  evaluated at t = 4U. Equation (111) is  harm in figure 11-37, and 
f o l l o w  the  exact  graphical  eolution throughout the range of interest. Through the 
use of equation (XU.), the effect of the  scale and inteneity of turbulence on fuel- 
a i r   r a t io   p ro f i l e s  dounstream of a p o i d  Bource- may Le -skt~G~-aS in- figure 11-58. 

When the  rate o f f u e l  injection is a function of' time W$(tl), the  diffusion 
prohlem becomes that of a transient  point source n i t h  E solution as given in refer- 
ence 65 (p. 339): 

-- - 1  

L 
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where CUI is the standard square  deviation  evaluate& at the time t - t' by  the 
use of eqraation (102) and methods described in  the  following  section. The possi- 
b i l i t y  of an  analytic  solrrtion t o  equation (llz) depends w n  the  functional form 
of Hi, even when diffusion in the x-direction is neglected,  with  the  integration 
performed over x. In  cases where analytic solutions me inpoesible, r e c m s e  must 
be made t o  graphical  integration or to   d i f fe ren t ia l  aaalyzers (analog computters) 
such as described in reference 69. 

Standaxd square  deviation. - As discus& i n  a preceding  section  entitled 
CorrdatiQn  coefficient,  the Lagrangian  parameters of turbulence cannot be measured 
by e x i e t h g  anembllEtry technique.s,  ana further, a re la t ion  between the Lagrangian 
and Eulerian  parameters has not yet been found. This state of the  science does not 
al low direct mathematical ur graphical  determination of the  standard  square devia- 
t ion  (D through equations (92), (93), (941, (102) , and (103). Two alternatives  are 
possible,  the fifst of which is based on the assumption o f ,  equality between the 
hgrangian and m r i a n  ecales of turbulence 9 and S f r ,  and s imi la r i ty   in  form 
between the Lagrangian and Eulerian  correlation  coefficients 91! and a'. If t h i s  
alternative w e r e  used, the Lagrangiien parameter I could be estimated from Eulerian 
measurements of the turbulent field under consideration, and the standard squspe 
deviation  could  then be determined analytically or graphically from equations (92), 
Cg3) 9 Cg4), (lo2)J ana (Io3) 

The second a l t e rna t ive  involves the indirect  meaeures=nt of the  standard square 
deviation (u in the f i e l d  of turbulence by ut i l iz ing  gnam solutions  for continuous 
point or line eourceb.. Thts method has essent is l ly  been w l o y e d  i n  references 6 1  
and 63, and is  described briefly  herein for the case of a continuous point  somce 
of diffusion.  Inspection of equation ( ~ 1 )  r e v e m  that ~f the  concentration c 
of a gas w e r e  known at a n-er of points  (x,r) m t r e m  ~f a point  somce emit- 
t ing  the gas at a continuous ham rate Wf in to  a turbulent stream f l a r i n g  at a 
knm velocity U, the standara square  deviation a, could be  det-ned as a func- 
t ion  of t = X/U. m e  instrunrentation ana eqdpment far such measurements w o a d  
consist of a gas supply and t d e  innJectar, Sampling probe(s), and 8 gas-concentration 
seneing  instrument. The standara aq-e deviation a, determined from such measure- 
mente could then be used i n  q equation shown in table II-I for the 8OlUtfOU of 
diffusion problems 3uwing more complex  aozrrce c o n f i ~ t i o n s ,  boundaxy conditions, 
or both. OP the two alternatives, this method seems t o  offer the best  promise for 
accurate results and is recommend& un t i l  more ie knam alxnrb the  re la t ion between 
the Iagrangian an& Eulerian parameters of turbulence. 

" 

Line , plane, surface, and volume sources. - As mentioned previously, the in- 
stantaneous  point  source  solution may be med i n  the solution of' all diffusion 
source configurations. The comelitration C at a poi& (x,r) is found by sunrming 
the contributions to that point from the   in f in i te  umber of point  somces which 
form the  parMcular  source  configuration under study. Derivations of solutions for 
the various source cadi-ations are not  given  herein,  but a slnmaary of equations 
fs given i n   t a b l e  11-1. Detailed  derivations of these  equations  can be found i n  
the  references  l ie ted-   in   the  table .  Many of the  equations i n  table II-I do not have 
analytic  solutions; hence, res& must be ma&? to simplifying ~ 6 ~ t i ~ y  graphi- 
ca l  solution, 01: analog cCmrprrters before direct solutions can be obtained. 



11-58 - NACA RM EM107 L 

Nonisotropic  Turbulent Flow Fields 

The preceding disclass€on-70n the :theory of turbulent dl f fwion  and solution of 
the  different ia l  diffusion has assumed that the  turbulent  field is homogeneous and 
isotropic, which may reduce the appl$.cability of the results in most jet-engine 
flaw fields. Several methods for   t rea t ing  fiela o?&w.&hhan isotropic  or  hmgene- 
o w  have been  found a d  axe  discussed in following paragraphs. 

- " . .. "" .. ". ." - .  . 

Homogeneous fields.  - F'renhiel  suggested (ref. 56) solutions t o  Wfus ion  
problem  for  cases vher'e the turbulent diffusion  coefficients are l inear ly   re la ted 
by 

whme  kv and k, axe constants  of-propurtionality. If the malecular diffusion 
coefficient is negligible;  equation (84) may be m i t t e n  

w h i c h  may be  transformed by the relatton 

. \ .= (%at  

into a generalized form 

€ 

a,  

Solutions for  other source. configurations may be obtained by the summation mthod 
described in the preceding  sections. 

Nonhomogeneous f ie lds .  - Diffusion processes OCCUF in portiona of the   j e t -  
engine stream having appreciable  turbulence  intensity and velocity  grsdients, so that 
the  turbulent  diffusion  cnefficient may be a function of both time and space (asaum- 
ing neglible molecular .dLfTusion) : 



NACA RM E54107 - 11-59 

1 

I n   t h i s  case,   the   differeatfa  eqrration of diffusion becomes 

Turbulent Flow Fields Containing  Periodlc Flow Fluctuations 

Ae mentioned i n  preceding  sections of t h i s  chapter, flaw f ielde encountered in 
Jet  engines may be slibstmrbially different from those found i n  fully developed tur- 
bulent fluw in pipes or in   turbulent  flaw behind grids. Since thearet ical  d ex- 
perimental work i n  turbulent diffusion has mainly been c d i n e d  to turbulent  pipe 
flow, or flow f i e lds  behind grida, it is of interest  ta consider the ef fec t  of ab- 
normal flow f i e lds  on iiifpueion. 

Measurements of axial and lateral kinet ic  energy spectra (ref. 70, f ig .  14) 
and of sound spectra (ref. 70 eLnd discussion i n  ch. VI=) have indicated  that  flow 
fluctuations may be present i n   t h e  form of discrete periodicitiee or i n   f i n i t e  
frequency bands. The spectrum density function for such turbulent f ielde may be 
written as 

where 

. 

. - 

spectrum density  function of turbulent Prinetic  energy 

Dfiac delb function 

sgec tm  dens i ty   func t ion  of periodic flow fluctuation of f i n i t e  
band width 

mean square of periodic  velocity  fluctuation 

mean square of periodic  velocity  fluctuations having finite band 
width 

total mean square of all velocity  f luctuations : 
"" 

vg = .2 -t v;,, 4- vg 

If the energy  spectrum of a flow f i e l d  is Brim, and can be represented  by an 
equation such 88 equation ( l l 7 ) ,  the  Eulerian  correlation  coefficient can be  calcu- 
lated from equation (97). Although a dFrect re la t ion  has  not  been determined be- 
tween the   Ner ian   cor re la t ion   coef f ic ien t  9 p t  and the Lagrangian correlation CO- 
ef f ic ien t  a, it w i l l  be assmd herein  that  they ere of the form, BO that the 
coefficient can  be estimated for turbulent  f ields having abnormal spectra. 



Sqerimposed  discrete  periodicities. - To i l lustrate  the  possible  effect  of a 
discrete peridic velocity  fluctuation a t  a particular  frequency on turbulent di f -  
fusion,  the flow field used for  figure II-37 FS assumed  $0-have ar&3itioEl d i s -  
crete  velocity fluc€uaf€ion coiitribGHon a t  -106 cycles per second with a  magnitude 
of 30 feet per second. The spectrum density  function  for t h l s  f ie ld  is 

- 

" ..x . - 

so that  the  Eulerian  correlation  coefficient becomes 

It w i l l  be assumed that the Lagrangian correlation  coefficient hae the same form a8 
the  Eulerian  correlation  coefficient: 

from which the  standard squaxe deviation 0) may be. obtained: 

w = 2.24 t + 0.0225 (e -loo - 1) + 0.0005? (1 - cos 200 fit) (122) 

The standard  square  deviation as givqn  by  equation (122) is shown i n  figure TI-39 
for two cases: 

(1) Aesming that the  turbulent  diffusion coeff'iciemt may have negstive value8 

(2) Assuming that the  turbulent  diffusion  coefficient cannot have negative 
values ,  and tha t  where the  theoret ical   re la t ions have negative valuea, 
the  turbulent  diffusion  coefficient f a  zero 

The standard squaxe deviation shown in figure 11-36 : i s  sham again in f Igme 11-39 
for  comparison. The concentration damstream of a point source of diffusion i n  
the turbulent f ie ld  containing  the  discrete  velocity fluctuation has been calcu- 
lated from equation (111) and is  s h m  i n  figure 11-44 for  both of t he  preceding 
cases, along x i t b  the concentration for the turbulent field without periodic ve- 
locity  fluctuations. 

Sqerimposed  velocity  fluctuations  with finite band width. - By assuming that  
the Lagrangian and Eulerian  correlation  coefficients have the same form, the  stand- 
ard s q k - d e v i a t i o n  may be evaluted for R turbulent f ie ld  having periodic  velocity 
fluctuations of a constant mean s q w e  value distributed over a f i n i t e  band width 
of frequencies. For i l lustration,  the turbulent; f i e l d  1s W e n ,  except that 
a  band of turbulent  velocities of conitant smplitude i s  assumed t o   l i e  between 
100 and 130 cps. The standard square. deviation  for t h i s  assumed f i e l d  I s  shown i n  
figure 11-41, and the  concentration downstream of a .point s m c e  of diffusion is 
shown in  figure II-42,  along  with  the  concentration  profile  that  results from 
the  turbulent f ie ld  with RO periodic  yelocity  fluctuations. 

3 

i -  



. maCA RM E54107 11-61 

. 

A comparison has been made between the empirical treatment of turbulent dif- 
fmion  and the Taylor theory of diffusion  by  continuous movements. It has been 
pointed out that the empirical treatment does not fully describe  the  process of 
turbulent  diffusion, and may give  misleading  information when fundamental data are. 
applied to  full-scale engine design. The Taylor theory of diffusion requires 
quantitative knowledge of the Lagrangian pmameters of the turbulent field under 
consideration before solut ion  to  particular mirdng problems can be =de. Since 
only  the EulerFEtn parameters of the  turbulent f ie ld  can be lneasured by  conventional 
anemometry techniques,  an  alternative  instrumentation is  suggested t o  obtain  the 
Lagrangian paameters. This method  would  employ 8 simple  point  or line source of 
dlffusion of mass or  heat,  respectively, installed i n   t h e  flow region of interest, 
and concentration  sensing  instrumentat;lon art points damstream of t he  diffusfon 
source. The Lagrangian paramters could then be obtained from the  measured con- 
centration  profiles, and ueed in   the   so lu t ion  of mixing problems having more com- 
plex sowce  configurations. If’ future research provldes a direct relat ion between 
the Lagrangian and Eulerian parameters,  the required data could be obtained  by  the 
simpler anemometry instrumentation. 

As pointed  out i n  the preceding  sections, periodic flaw disturbances may 
seriously  affect the diffusive  character of jet-engine flaw streams. For the  
present a t  least, t h i s  may mEtke generalization of the  diffusion  process impossible. 
It is strongly recommended that  turbulence measurements be made in   ful l -scale  en- 
gine tes t   ins ta l la t ions  whenever possible so t h a t   r e a l i s t i c  fundamental  experiments . on diffusion may be made. In  addition to periodic flow disturbances,  another com- 
plication of the mixing problem is found i n  nonhomogeneity  of turbulent fields. 
The differential  equations of diffusion me given f o r  t h i e  case, but their solution 
depends upon the particuLarr mixing problem. Further practical  experience  in these 
cases may provide reliable simplifying  assmptions t o   t h e  equations. A compilation 
is presented i n   t a b l e  IT-I far a- variety -af =fusion  source  configurations. Ac- 
companying each  equation me notes t o  a8Si& the choosing of an equation for E 
particular mixing problem. A umber of the source  configmations and boundary 
conditions do not allow analytic solutions  to  the  differential   equations of diWu- 
sion; hence, recourse must be made t o  numerical,  graphical, CIC differential analyzer 
methods of solution. 

The mixing of fuel w i t h  the flowing stre- i n  jet enginea i s  of considerable 
importance i n  design practice. The fuel-air-ratio  distribution at flame s td i -  
l i z e r s   i n  ram-jet combustors and turbojet afterburners has of’ten  b.een found t o  
affect the  engine  performance strongly. The i n i t i a l  of fuel and air, with 
subsequent introduction of dLlution air, has been found to   be  one  of the most im- 
portant  processes  in  turbojet conibustors. The application of the  diffusion equa- 
t ions   to   the  mixing of v q o r  with  flowing air and heat with  flowing air to some of 
the simple source conffguratione have m e t  with  ssibstantial  success, but much re- 
mains t o  be done In thls field. In particular, suitable relations between the 
Eaer ian  and the  hgrangian  turbulence paxarmeters sxe needed i n  order to   p red ic t  
the  standard square deviation of a given  turbulent flow field. Solutions for the  
m o r e  complex source  configurations and detailed howledge of the  turbulent field 
i n  all types of jet-engine combustor  would be of considersble rrtility to both de- 
s i g n  practLce and  research. The following  sections  discuss the current status of 
practical application of theory t o  fuel-air mixing, and present suggested extensions 
to existing  information on the fuel-air mixing of evaporating spraye i n  lligh- 
velocity air streams. 
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Experiments on Diffusion from  Simple Point and Line t3ources 

The turbulent  diffusion of hydrogen  and carbon-dioxide from a point source in 
a f lar ing air stream has been found t o  conform t o  equations (109) or (UO) 88 re- 
ported in  reference 68. As predicted  by  the Taylor -theory of diffusion  by con- 
tinuous movements, the  turbulent  dWusion  coefficient was found (1) t o  approach 
an  asymptotic  value  with  increase in  aistance downstream, (2) t o  be approximately 

direct ly   proport ioN.  to_t& m e ~ . s t ~ ~ ~  veloctty U (and hence 6, since @/U 
is substantially  constant  in  fully developed pipe  flow), and (3) t o  be proportional 
t o  duct size (and hence Yv, aince sv IS proportional t o  pipe diareter i n   f u l l y  
developed pipe  flow). A similar experiment, reported i n  reference 63, has shown 
that the  diffusion af salt water from a point source i n  a turbulent w a t e r  stream 
follows  equation (Ill), and that the Lagrangian correlation  coefficient  follows 
the form given  by  equation (95). 

L 

The diffusion of naphtha injected a t  low velocity from a small tlibe into a 
high-velocity gas  stream is reported in  reference 71, and w a s  found t o  follow equa- - 

t ion (110) when an empirically determined turbulent  .diffusion coeff icient was 
wed. The turbulent  diffusion  coefficient was found t o  be independent of stream 
stat ic   pressure (over a range of 4 to"55 lb/sq  in. abs), as predicted  by  the .theory 
of diffusion  by  contimous movements. 

. " 

The diffusion of heat from a line  source has been reported in reference 72, c 
and w a s  found t o  follow equation (153), table 11-1, where 

m 
" 

which i s   i n  agreement with the theoretical  standard square deviation for t <  < t s ,  
as discussed  previously  herein. 

The diffusion of beat From a l ine  source i n  a turbulent atream has also been 
investigated (ref. 61) through a'range of time such.that  the Lagrangian correlation 
coefficient could be evaluated. The man  temperatures in  the  heat w a k e  behind the 
l ine source w e r e  found t o  follow a simple form of equation (153), table II-I: 

" 

where the mean squarre deviation ( ~ 1  w a s  found t o  be a function of time, which 
asymptotically approached a constant value. " 

Fuel Droplet Trajectorles and lhpingenaeut 

" .  

Aerodynamic m i x i n g  includes  not only diffusion mixing of unlike w e e ,  but 
also the  contact of l iquid fuel droplets with a gaseous medium into which the fuel 
may vaporize. I n  a turbojet conbustor, l iquid f u e l   . g e n e r a y  is Introduced in the U 

form of a  hollow-cone spray composed of fuel droplet8 that vary widely in six. L 

The fuel i s  rapidly  disintegrated  by  recirculatory  currents induced i n  the primary 
combustion  zone. I n  ram-jet conibustars, however, l iquid fuel may be i n  the form 
of a f ine  sprsy introduced  longitudinally  into a high-velocity air stresm. Much of 
the  spray may be deposited upon the flame holders,  the amCnmt depending ofl the 

L 
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fineness of the  spray and the gas stream  velocity. It is  suggested in  reference 73 
that the   s tab i l i ty  of flams behind a flame holder depends, among other things, upon 
t h e  l iquid fuel that collects upon the bluff object. A possible  explanation of the 
entry of the  collected fuel into the recirculatory zone dawnstream of the flame 
holder is  the rearward flow of the  l iquid fuel t o  a &mustream point on the  flame 
holder, at which point  the  fuel is either  sheared f r o m  the rod surface by the high- 
velocity air stream or is pa r t i a l ly  vaporized by hest conducted from the  flame 
bolder. Under ei ther  condition, AI& of the fuel is swept into the recirculatory 
mne. With such a conbustion s y s t e m ,  the rate at w h t c h  fuel collects q o n  the bluff 
object,  or  the manner i n  which it is carried past (fuel droplet   trajectories) can 
be  important in   s tab le  and eff ic ient  combustion. 

Reference 74 presents data for the  t ra jector ies  of s a  water droplets moving 
at high velocit ies  past  a cylinder in  air. Data were 'calculated from the  differ-  
en t i a l  equations of motion of a particle.  Vafiables  included  cylinder radius, air 
velocity,  viscosity, and deneity, and the drapht  velocity,  diameter, density, 
Reynolds mmiber, and drag coefficient. Data sharing the maximum collection effi- 
ciency of a cylinder, the angle beyond which no droplets strike, and the velocity 
of impact of the  droplets on the rod are presented. These data were calculated for 
droplets of uniform size.  In  general, however, di.oplets i n  a conbuetor ere not of 
uniform size. Thus, although the data of reference 74 may not allon quantitative 
answers, qualitative comparisons & different flame holders may poedbly be 
determined. 

A detailed description of the method of calculating  the data of reference 74 
is beyond the scope of t h l s  report. In  general, however, it w a s  found that (ref. 
751, for  fuel collected on a cylindrical  rod, the  thickness of the fuel film de- 
creases  with  decreasing  fuel-air  ratios and decreasing fuel  viscosity,  the  point 
of maxim film thiclmess moves reaxwaxti and the film shape  undergoes a marked 

the film at  a position on the rod 90° from the  stagnation  point  increases  with  in- 
change wlth increasing &-stream velocity, and the average  velocity of fuel  in 

creasing air velocity and fuel-air ratio,  and decreasing fuel viscosity. 

In  reference 76, the families of curves of reference 74 w e  generalized  into 
a narrow range of curves by the use of eeveral  simplifglng  assunptions. The total 
collection  efficiency of the cylinder, the angU beyond which no dmplet impinge- 
ment occurs, and the droplet *act velocity a t  the stagnation point are presented 
i n   f i v e s  11-43, 11-M, snd 11-45 i n  terms of B ana + as fouows: 

Re2 
B '  

cp =a 
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dimensionless quantitiee 

drag coefficient of droplet 

cylinder diameter 

Reynolds mmiber of droplet based on air velocity U, 

Reynolds number of droplet baEied on velocity of droplet r-tive t o  

radius of droplet . .  . 

velocity of air 

range of droplet  in s t i l l  air 

Stokes' l a w  range of droplet in st i l l  air 

ViECOSity O f  ah' 

density of d r q p h t  

These data, as the data of reference 7 4 ,  can be used best   for  quali tative compari- 
sons of different flame holders. 

Wbulent  Spreading of Evaporating  Liquid  Fuel  Droplets from Fuel  Injectors 

Information pertaining to the liquid fuel distribution  in fuel sprays i n  high- 
veloci ty   a i r  streams is  limited mainly to  simple-orifice  contrastream  injectors. 
References 77 and 78 r e l a t e  the boundary  geometry of liquid sprays from simple- 
orifice  injectors  to  spray variables such as injection  angle,  injection pressure, 
liquid  density, ana Jet  velocity; to injector variables such as strut shape and 
or i f ice  dfameter; and t o  air-stream variables such as stream velocity and density. 
Liquid  concentration profiles resulting from oblique  injectars and from complex 
fuel injector8 have not been reported. 

The initial spreading of the fuel spray ie due t o  the radlal momentum imparted 
t o  the fuel droplets by the injector, and is dependent on the variable8 discuased 
i n  chapter I. Further  spreading  takes  place by vlrtue of the mixing action of the 
turbulent  f iela,  and has been found t o  follow the same general lam as the  diffusion 
of vapor OT gas when i n i t i a l  spreading hss been  accounted for by assigning an ap- 
propriate  source comf'iguration. Diesel oF1 concentration  profiles  damstream of a 
simple-orifice  contrastream fuel injector and of a holluw-cone spray nozzle  are re- 
ported  in  reference 71. For a lm liquid  Jet velocity, the concentration profiles 
follow the  equation 

6 
N 
M 

I" 

9s . 

I 
P 
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(where f z  is fuel-air r a t io )  is i a e n t i d   t o  eqyation (m), table 

IS-I, if D = Ggv an assumed in  the  reference. For a higher  liquid Jet veloc- 
i t y  with  the  simple-orifice  contrastream  injector,  the data of reference 71 f i t  
th i   d i f fusion 

where f t  is 

equation for a 

t o t a l  fuel-& 

disk  source: 

f t  = - Q 
Gas2 

ra t io ,  and where 

so that equation (127) is iden t i ca l   t o  equation (la), table 11-I, if a = %. 
The function f is plotted in reference 71 for a range of values of r/S and 
US2/2Dx, and the disk source radius S w m  found t o  f o l l a r  the empirical re la t ion  

Concentration prof i les  downstream of the hollow-cone spray nozzle also followed 
equation (127) when an txppropriate disk radius was ueed. It w a s  forma tha t   the  
empirkally determined diffusion  coefficient for l iquld fuel droplets was ident ical  
for the three fuel-Injection systems when alr-stream conditions were held  constant. 

The experimental work discussed i n   t he  preceding garragraph suggests that 
liquid fuel spreading  proceeded at a rate independent of fuel draplet size, since 
the concentration  profiles conform t o  equations der ived  far continuous mediums. A 
detailed  photgraphic  study of isooc'tane fue l  spraya reported  in  reference 79 has 
&awn that the  acceleration of evapofating fuel drople ts   to  stream velocity was in- 
dependent of drop size  for the atream  conditions  investigate&. Andpis of the  
data reported i n  reference 79 shows that, for the  spray system studied, the droplet 
vblocity conformed to  the  equation. 

u* = u(l - e-337 t )  

The time required far a fuel droplet reach any stat ion x downstream of the 
fuel injector vas 

Two such  distance-time  curves baaed on the data from reference 79 a re  s h m  i n  
figure 11-46, together  with  the lhear time-distance curves x = Ut correspondfng 
t o   t h e  two stream velocities investigated  in  the  reference. 

The significance of equation (130) is Shawn by further analysis of liquid fuel 
concentratiop profiles measured i n  the sene fuel-injection s y a t e m  as the data of . 
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reference 79. This l iquid fuel concentration  data is  unpublished, and wae obtained 
during the fuel-spreading  prograp  reported in reference 80. The l iquid  fuel  con- 
centration  profiles fallm a form based on equation (ill), table 11-1: 

-2 

where 

J fraction of t o t a l   f u e l  evaporated  before  reaching  point a t  which f z  i s  
measured 

~ 1 , f  l iquid fuel standarg square &viation 

Values of O.Q f were determined from the  l iquid fuel.prof-a at  three a f f e r e n t  
stations damstream of the  fuel   in jector   for  the same stream conditions wed i n  
reference 79. Through the use of f igwe II-46, the  l iquid fuel standard equare de- 
viation can be plotted as a function of time, as sham in figure  II-47(a). AB seen 
from the figure, the diffusion c-icient D z I f  for the liqu€d fuel droplets iB 
independent of both time and stream velocity  over  the range investigated. The ex- 
perimental data of reference 7 1  include values of the Diesel o i l   d rap le t  dlf'fuaion 
coefficient at a fixed station damstream of the  point source i n j e c t o f f o r  
a range of stream velocities from 200 to 460 feet per second. The droplet diffu- 
sion  coefficient DZ,f was found t o  be. constant over this  velocity range, which 
corroborates  the  data of figure II-47(a). A t  the  present time, no straightforward 
analysis i s  avaflable for explanation of the Independence of' the l i q d d  fuel drop- 
let diffusion  coefficient f rom stream  velocity. 

- .I 

A summary of  unpLiblished data obtained i n  conjunction  with  the  research re- 
ported in reference 80 is  shown in figure  II-47(b), where the  isooctane l iquid fuel 
droplet atandard  squsre  deviation is  plotted as a fupction of ti=. -me time t 
was found from equation (130) fo r  each data  point,  with  the a8-sunqti.on that the 
liquid droplet acceleration was independent of stream pressure and t eqe ra tu re .  
The data scatter  indicates that either the  lfquid droplet diffusion coefficient 
Dz,f or  the  liquid  droplet ax ia l  acceleration,  or  both, may have a relation to 
stream  temperature and pressure. FurLher experimental data on the  acceleration of 
evaporating fuel droplets over a range of stream pressures and temperatures would 
be of grea t   u t i l i t y  in  evaluation of the numerical  constant i n  equations  such ae 
(129) m a  (130). 

Cordbined Spreading of Liqpia and Vapor P e l  in High-Velocity Air Streams 

The spreading of evaporating  liquid fuel sprays i a  treated  in  reference 80, 
where isooctane was injected f r o m  a simple-orffice  contrastream in jec t=  into a 
high-velocity air stream. The stream pressure and t q e r a t u r e s  were var ied  over 
wide ranges, and vaporization rates (ch. I) and t o t a l  fuel-spreading parameters J 
w e r e  evaluated from the  total  fuel-concentration  profiles which followed the farm 

r 2  
f t = - e  fO@ "T 

J 
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While the  correlations  presented  in  reference 80 hold far fuel injectors and afr- 
stream conditions used i n  the investigatfon, a more general  analysis would apply t o  
any source  configuration. The remainder of this section is  devoted t o  a suggested 
general. analysis. 

?%e diffusion mdel of an evaporating  spray may be  considered t o  have a source 
configuration  consisting of an in f in i te  n&er of goint  sources of vapor f ixed  in  
space a t  the coordinates ( X I , Y ~ , Z ~ ) :  

Y Vapor concentration 
Point source at (x,y,z) 
at (x',y.',z' ) t 

Q I 

f 

4. 

The point  sources - fo rm a volume corresponding ta the space  suept out by the lfquid 
fuel  droplets as they are swept downstream, and each point  source  releases vapor 
at a ra te  determined  by the 1Fquid fuel  concentration and the  vaporization rate a t  
the  coordinates (x l ,y l ,z l ) .  The r a t e  of release of vapor, or point EOUrCe strength, 
is given  by 

. 
c 

The liquid fuel - air r a t io  f 2 is a function of the  coordinates (x' ,yl , z l ) ,  and 
its form will depend on the  particular  fuel-injection s g s t e m  Unaer consideration. 
For the  simple-orifice  contrastream  injector  studied Fn reference 80, the  l iquid 
fuel - air r a t i o  w a s  of the  form given  by  equation (131), which may be revri t ten 86 

me vaporization rate aJ/&  appearing i n  equation (134) is  -cussed in chapter S. 
W the drop-size  distribution i s  constant  across a particular  station, 88 w a s  the 
case f o r  the fuel -rags inveestigated in  references 79 and 80 (and apparently  in 
ref. 71), the  vaporization rate aj /a t  is a m c t i o n  only of the distance x 1. TIE 
functional  relation between a j/at may be found by the equation 

. 
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where the  droplet  velocity Udr may be  obtained  from'aata such as those of refer- 
ence 79 (sham  in  eq. (129)) and the  axial  gradient of the evaporated fraction 
aj/axf from data such as t h o ~ e  of reference 80. The. fraction of the t o t a l  fuel 
which has been evaporated at any particular  station can be obtained as a function 
of the  distance x' from data such as those of reference 85, as discussed i n  
chapter I. .~ . .. - ." .~ .. "L ." 

The  vapor concentration at a point  (x,y,z)  (see  preceding  sketch) is given by 
equation (177), table 11-1, which may be written i n  terms of vapor .fuel - air r a t i o  
a B  follows: 

For the  fuel-injection system described in  reference 80, the relations given by 
equations (134) t o  (136) may be applied t o  equation (137): 

which may be reduced to 

While j and 9 Jf are knam.functions of X I ,  the integration over x' muet 1 

be carried  out for a nlmiber of value8 of t for each pasticular  point  (x,y,z), EO' 
that the graphical  solution of ecpation. (139) would be tedious, even with the aid 
of a different ia l  analyzer, 

c -  

. . . . ." "- . " . . . . " . . - - -~ - _  
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Effect of Solid Boundaries and Flow-Area Changes on Fuel Spreading 

The effect of duct w a l l s  or other solid boundaries on both  liquid fuel droplet 
and fuel vapor concentrations is discussed in  reference 71. The effect of w a l l s  on 
the  liquid fuel concentration is fndeterntinant,  since the l iquid may ei ther  adhere 
t o  the w a l l s ,  or reatomize  back into  the stream (ref. 71). For t he  vapor case, an 
exact  solution has been obtained (ref. 71) fo r  the vapor fuel concentration  pro- 
f i les downstream of a point  source  located on the  center lFne of a circular  duct. 
A graphical method f or wall correction is proposed i n   t h e  same reference, which 
compares w e l l  with both  experimental data and the  exact  theoretical  solution. The 
method essentially assumes that vapor is  reflected from the walls and is  direct ly  
addi t ive  to  the theoretical  concentration  profile for an i n f in i t e  duct. An empiri- 
cal method f o r   s a p h i c a y  determining fuel concentration  profiles  in ducts of 
changing area is discussed fn  reference 71. 

S-Y 

Experiments on the diffusion of vapor and of heat from smle point a d  line 
somces have substantiated many points i n  the Taylor theory of diffusion and i n  
the analytic solutions of the  differential  equations of .diffusion  for such ~ o w c e  
configurations. The man  square  devfation co has been found t o  be a function of 
time asymptotically approaching .a constant value, and t o  be independent of l oca l  
static  pressure.  

I n  addition  to the l iquid fuel droplet  spreading due t o   i n i t i a l  momentum im- 
parted  by the injection and atomization  processes, l i q d d   f u e l  sprays have been 
found to   fur ther  mix ni th   the  a i r  stream by virtue of turbulence  present  in  the 
stream. L i t t l e  work has been done on th is   j ec t  to date, and available informa.- 
t i on  seems to indicate that the  turbulent mixing of fuel droplets follows the s8me 
general l a w s  as those  for vapor if special  consideration is gdven t o  the aerody- 
namics of the droplet. Data taken over a umited range of stream and vaporization 
rate conditions aeem t o  indicate that the turbulent  diffusion  coefficient for l iquid 
fuel droplets is constant,  but no general laws have been sfistantiated  by experi- 
ment. A suggested model for the mnibined spreading of l iquid and vapor fuel is 
presented, and tbe mathematical a n a l p i 8  is carried t o  an integral  form not subject 
to  analytic solut ion  in  its present form. 

m MIXING 

Mixing of gases having different terqperatures or  different components may 
occur i n  laminar flow or i n  flow having a turbulence that is either mfcroacapic or 
macroscopic in cheracter.  In lamfna;r flow, eng is uelrally a l m  and depeds qp- 
on mlecular diffuaion.  In  turbulent flaw, m i x i n g  depends upon eddy diffusion, 

crease  in  the mixing rate. Microscopic turbulence arises f r o m  flm in a smooth 
pipe a t  Reynolds nunibers greater than the critical value, while macroscopic turbu- 
lence results f r o m  obstruction or path changes i n  the mixing chamber. m n g   i n  
turbulent flow, especially macroscopic nsixing, is probably of gre&er importance 
i n  conibustor design than any of the  other forms of mixtug. In general, mixlug of 
gases can be achieved py two major methods : 

c 

w whereby eddles in  one stream diffuse into the other etreama, with a result ing in- 

(1) Subdivision of streams 

(2) Creation of turbulence 
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Mixing of gas  streams by stream suh:division is  discussed by Minchin in reference 
81. For two paral le l  stream of gases having e q d  veiocities bit direerent tem- 
peratures,  the lateral temperature  gradfent due to microscopic mixing alone c o o  
be  approximated by 

"" 

Temperature gradient - 500(x)-*' 61 (1401 

where x equals the  distance from the  junction of the two streams, and the tem- 
perature  gradient,  expressed i n  percentage of the:mximum teqerature  difference 
per  inch, is measured over a distance of 0.04 x. -These  results were found t o  be 
independent of the  absolute  velocities of the ge-stream, as long as the velocities 
were equal and the Reynolds numbers were  above the c r i t i c a l  value. For mixing be- 
tween paral le l  streams vaxflng bo% in teniperature and velocity, l i t t l e  change YSB 

discerned in the mixing new  the m i x i n g  ori.gin. Banever, the effect  of the d i f -  
ferent  velocity became marked a t  distances  farther downatream. It w w  immaterisl 
which of the different teniperature  streams vas the faster .  

Vaxiation of the angle of mixing between jets hae been  found t o  influence 
mixing. However, &a sham in the  following  table,  the  effect of the  angle i s  . 

negligible for included  angles of. less than 45O: , .. . 
. .  

Total  angle 
peSceetEn. between je t s ,  

Temperature adients , 
" 

&g 
Distance downstream 
from Junction, 

in. 

2.5 ll.5 8.5 5.5 

0 --- 

U . 7  31.7 54 164 90 
18 .O 37 67  172 15 
41.0 72 101 197 60 
60.0 95.5 131 205 45 
100.5 122 163 254 30 
102.0 141  159 279 20 
92.5 114 160 309 10 . 

95 II-4 157 

In  general, mixing due t o  microscqpic  turbulence between paxallel streams of 
gases i s  q d t e  slow. Mixing can be accelerated  either  by  creation of macroscopic 
turbulence in the  entering  stream, for example, by use of sharp &be& before 
junction of the stream, or by  use of a turbulence-producing  device at the stream 
junctions. With the latter .method, turbulence-producing  devices  introduced at the 
interface between streams t o  cause interlacin@[ o f  the streams produced best results. 
such devices are s i d h r  t o  flame holders used in EODE ram-jet engines. 

A possible method of m U n g  dlacussed in reference 81 i s  the use of a cylindri- 
cal  obstacle at the interface  betveen two par&llel gae streams. This mixing roll 
creates a vortex trail composed alternately of gasea from the .two W e r e n t  streams 
and provides gaps for penetration pf gases f r o m  appoeite stream. Some data 
are reported in which the diameter of a cylinder between two p a f a n e l   s t r e w  ai 
gases a t  different  temperatwee was w i e d .  hcreasing mixing w a a  obtained  with 
diameter increases from 1/4 t o  314 inch. However, the iRCE€LE* mixing waa ob- 
tained at  the expense of an  increased  pressure loss. Cylinders 3rtrger than 3f4 
inch in diameter caused no bprovements in mfxing. 

* ." " 
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The absolute  velocity of the two streams with  the mixing ro l l   a f fec ts   the  de- 
gree of Mng i n  that similar temperature  distributions  require  the s- tine 
interval   for  mixing. Differences in   veloci t ies  of the two para l le l  streams hindered 
formation of the  vortex t r a i l  and reduced the  &Gee of mixing, alth- l i t t l e  
effect  w a s  noted at velocity ratios greater than 2:l. As with m h i n g  w i t h  pa ra l l e l  
stream alone, it is immaterial which stream is the faster. 

Some data have been  recorded i n  which macroscopic turbulence w a s  created i n  
each of the individual gas stream before mixing. Data in which l/Z-inch-diameter 
cylinders or sharp S-bends were inetal led upstream of the junction of parallel gas 
streams indicate  that  large-scale upstream  macroturbulence  reduces the mixing when 
the mixing r o l l  method is  employed.  Hawever, i n   p l a in  mixing between parellel gas 
streams, mixing was improved by the introduction of upstream  turbulence-producing 
obstructions. Mixing between two concentric  streams  diFPering in  temperature 
has been  found t o  be simila to the mug of two parallel   gas st-. Hawever, 
the mixing r o l l  method seems to be more effective w i t h  concentric gas streams than 
with paxallel streams. 

Pressure losses due t o  mixing of gaa s t r ew i n  the following three configura- 
t ions are discussed in   reference 82 (complete mixing of %he two streams a f t e r   t he i r  
junction is assumed): 

(1) For normal gas streams,  expressions similar 'to those defining pressure 
losses due t o  heat addition can be u t i l i z e d  If the  total-temperature  ratio 
Tt ,4/Tt ,3 i n  equation  (23) and f igme  II-10 is  replaced  by 

w h e r e  Wg and W3' are defined f n  table =-It. By use of this new value of over- 
all total-temperature  ratio,  total-pegsure Losses due t o  complete mixing of two 
perpendicular gas streams  can be determined, From either equation (22) o r  fig- 
ure II-10. 

(2) The mixing of oblique gas streams is somewhat mre coql ica ted  than the 
mixing of perpendicular gas streams. Additional parameters derived in   reference 
82 include 
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where M4 and (4Jpt,3)no  are determined from figure II-10 as if for normal Jets. 

(3) Mixing of pa ra l l e l  g m  etreame is treated i n  reference 82 i n  much the 
saze manner as oblique stream, except that a terju w M c h  includea the area r a t i o  is 
added. For mixing of parallel  gas streams as shown i n  table II-11, the parsmeters 
B* and C *  are defined as . .  

(A* = r a t i o  of Jet flow exes A3 t o  mixed-jet flow area A4. ) The parameter Q 
of figure 11-48 applies t o  the  case of parallel mlxing e w e l l  &B the mixing of 
oblique jets. As with other methods of mixing, the  exit  Mach rimer and total- 
pressure  losses can be found by substitution of .Q2 f o r  Tt,djTt,3, and use of 
figwe 11-10 ana eqmtton (142~1, which d S 0  applies fo r  parallel gas streams. 

. 
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Figure II-1. - DlfPuser total-preesure recovery f a d a r e  (ref. 6). 
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Ln . 
Figure 11-2. - Variation of combustor-inlet velocity profile 
with engine speed (ref. 2 ) .  - 
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(a) Sa-level, s t a t i c  conditione (ref. 7). 

Figure 11-4. - Calculated thrust loss of turbojet  engine a8 
function of combustor total-pressure loss. 
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(b) Flight Mach number, 0.6; nozzle coefffcient, 
0.961 l m r  heating vdue of fuel, 18,700 Btu 
per pound3 cambustor-outlet t o t a l  tezqperature, 
19600 R; compressor  efficiency, 85 percent3 
turbine  efficiency, 90 percenti combustion 
efficiency, 97 percent. 

F i m  11-4. - Concluded. Calculated t h a t  loss 
of turbojet  engine as function of combustor 
total-pressure loss. 
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BeSfle blmkage, percent of total mas-eectional area 

F&ure II-7. - Effect of are8 blockage on cmbuator isothermal total-pressure losets.  
Cambustor-inlet Mech rimer, 0.2. 
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Figure 11-8. - Friction coefficients f o r  sheet metal surfaces as a function of Reynolas num- 
ber (ref. E)), 
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Mach number, M 

Figure 11-9. - Data for estimation 09 frictional total-preesure 
losees in cylindrical ducts (where p* ie t o t a l  prer~aure with 
choked f l o w  and L* is length of duct between e ta t ion  where 
Mach n&er is  taken and etat ion where choking would occur, 
ref. 20) . 
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Figure n-10. - Total-pressure lose due to heat addition in f-ng air 
stream (r4 = r3 = 1.4; R = 53.35 ft-lb/lb*)(ref. 8 2 ) .  
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Liner open area, upstream of any longitudinal position op. A 
LLner t o t a l  open area A0PY.t 

(a) Ratio of area of ann~lus to reference area, 0.3. 

Figure 11-13, - Air-flow dietrfbution (theoretical) In 
tubular combustor. Mctionless ,  fsothennal, incom- 
pressible flow. Corribustor howing and l i n e r  cross- 
sectional axem constant. 
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Figure 11-15. - Concluded. Air-flow distribution  (theoretical) 
in tubular   conhetor .  Frictionless,  isothermal, F~COIE~EBB- 
ible flow. Conifmator housing and liner cross-sectional area8 
constant. 
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Hgure 11-14. - Theoretical velodty distrtbutions based on 
momentum-transfer  theory in plsne-pmallel  and axially 
symmetric free j e t s  (ref. 35). 
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Figure  11-18. - R a d i a l  diatr€butlon of rthanrentum flux ratios in 
isothermal, axially symmetric free j e t e  of air. 0.9-Inch- 
diameter, long-throat nozzle; mean Jet velocity, 390 feet per s. 

second (ref. 38). 



. NACA RM E54107 11- 103 



11-104 

1. 

1. 

0 

I- 

.4 1.6 2.0 

(c) ~ully developed flow region. 

Figure 11-18. - Concluded. Radial distribution of manenturn 
flux ratios in isothermal, axially symmetric free jets of 
air. O.O-Inch-diameter, long-throat nozzle; mean Jet  
velocity, 390 feet per second (ref. 38). 
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Figure 11-20. - Velocity dietributions in axial4 symmetric free jete in 
air. 
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Flgure II-22. - mal temperature dletribution In axlaus symmetric free jets in air. 
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Figure 11-84. - Effect of angle  between  hot& (temperature, U4O0 R) je ts  d cold-air (temperature, 
600' R) dreams on penetration of 0.824-inch-dimeter j e t s  (ref. 43). 
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(b) Stream velocity, la0 feet  per aecolld. 
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Figure 11-25. - Temperature dihtributiona dovlrstraam of SriaUy synnnetric obliqua jet. 

Jet  velocity, 615 feet  per secolrdj jet teqperature, e x o  R (ref. 40). 
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Figure 11-26. - Jet boundaries (twin jets) . 
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Figure II-28. - Effect of orifice  diameter on corrected  orifice 

discharge  coefficiente with external crosaflow. LFner diam- 
eter ,  6 inchea; wall thickneaa, 0.064 inch; coefficient cor- 
rected to 0.60 f o r  p /p = 1.00 with zero croseflow; annu- 
lue  cleazance, 1 inch (ref. 49) . t S  J 
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Flgure II-29. - Effect of internal and external crossflow on arif ice  discharge 
coefficients (rep. 49) .  
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Figure 11-33. - EfPect of exterM velocity and o r l f i c e  pressure ra t io  on dlecharge coefficient of 
3 / ~ ~ a d w " e t e r  orifice. Zero Ut-1 velocity; ext;ernal etatic prsseure, $4.2 pounds per 
square inch abmlute (ref. 50) . 



(a )  M i c e  di&sr, 0.375 inch. 

Figure 11-31. - Orifice discharge OoeKflcients. Internal ststic pressure, 45 g o d s  par equsre inch 
absolute (ref. 50). 
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Figure 11-36. - Concluded. Standard square deviation  based on 
turbulent  diffusion  coefficient shuwn in  figure II-33 for 
Lagrang ian  scale of turbulence gV u 0.15 foot. 
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Figure 11-37. - Coarcluded. Comparison of solutione for  point  source af 
diffusion. &an stream velocity, 300 fee t  per secondj  turbulence 
intensity, l5 feet per second: turbulence e d e ,  0.15 foot; correle- 
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stream t e m p e r a t u r e ,  llOOo R j  isooctane vapor diffusing through air. 
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Figure II-40. - Copcentration downstream of point source of 

diffusion in turbulant flow field with superimposed dis- 
crete periodic velocity fluctuation- 
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Figure II-43. - Total liquid h p l e t  collection efficiency of cylindrical rod i n  
mwing air stream (ref. 76). 
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Figure  11-44, - Angle beyond which no liquid droplet8 impinge on cylindrical rod 
In. mvlng ab- stream (ref. 76). 
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Figure U-45. - Impact velocity of liquid droplet6 a t  Btegnatlon point on cylin- 
drtcal  rod ia m v i q  a l r  etream (ref.  76) .  
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By Frank E. Belles and Clyde C . Swett 

L . 

mere are many influences,  both  physical and chemical, that may act t o  s e t  
limits on ignit ion or flame  propagation i n  fuel-air mixtures. The iqor tance  of 
these limits in high-speed combustors is evident;  they may give  riee to conditione 
in which the mixture cannot be ignited, or, if ignited, is incapable of sustained 
burning. It is the purpose of t h i s  chapter to  discuss  the  experimental  observations 
of .flame quenching and of the limits of flemmability, flame propagation, and igni- 
tion, and t o  draw from them  some insight into the  basic mechanisms that set the 
limits. Although most of the   resu l t s   in  the literature have been obtalned fo r  ho- 
mogeneous mixtures and fop. single fuels rather  than multicomponent fuels such as 
those used in practical  engines, there   are  many applications of both  the data and 
the ideas t o  the  operating problems of high-epeed couifmstors. 

A flammable mixture is defined BS one capable of propagating flame indefinitely 
away from,  and in the absence of, a source of ignition. That is, an ignition  source 
such as an e lec t r ic  spark must be  provide& ini t ia l ly ,   but  a flammable mixture w i l l  
continue to propagate  the flame even af te r  the spark has been turned off ,  W e  a 
wnflammeble one w i l l  not. I n  the  nonflameble case, emission of l igh t  or some other 
evidence of chemical reaction may be  observed, but this perBiStE only w h i l e  the  
ignition  source ie in operation. 

A flammable mixture of fuel end atr may be progressively  diluted  with  either 
constituent  untfl  eventually a mixture resu l t s  that is nonflamnable. The Umit of 
flammability is the borderline composition that separates mixtures capable of propa- 
gating a flame from those that are  not. E the  diluting agent is air, the   l imi t  
mixture  contains  too l i t t l e  fuel t o  be  capable of suatained  flame  propagation, and 
the  borderline  concentration  ia termed the lean or lower flammability limit. Con- 
versely, if the  diluf;ing  agent is fuel, the rich or upper flammsbility limit is 
reached. "he flanmability limits at a particular  tenqerature snd pressure  obtained 
in this manner are often  called  tW  concentration  limits. They may be made inde- 
pendent of any apparatus  effects3  therefore,  these limits are physicochemical con- 
stants for each f u e l .  Mixtures of fuel concentrations between the  lean and r ich  
limits axe said t o   l i e  within  the flammable range. 

It is  sometimes observed that a flame in a mixture w e l l  within  the flammable 
range will be extinguished if €t is forced  to propagate through a constriction. The 
w a l l s  are  evFdently able to exert same repressive  influence on the f b e .  !be effect  
ie observable in Bunsen burnerB when the flaw of mixture is suddenly stopped, if the 
burner tube is sufficiently wide, the flame w i l l  flash hack and prapagate  into  the 
stationary mixture,  whereas with a smaller tube, it w 3 l l  be extinguished a t  the port. 
This effect  of the walls on flame propagation $6 term& quenching. It is possible 
to determine a minirmnn diameter o r  a minirmnn rectangular opening  through which e 
flame w F U  travel,  and such a dimension is a quenching =stance. 

Although the wslls are  able t o  se t   l imi t s  of flame propagation,  these limits 
are not f lammbil i ty   l imits   in  the true sense, since  they are not physicochemical 
constants of the fuel. Rathe r ,  they a re  conditioned by the presence of w a l l s .  
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SYMBOLS 

The following symbols are used i n   t h i s  chapter: 

geometrical  factor 

constant 

fraction of molecules 

constant 

capacitance of condenser 

heat  capacity 

diffuaion  coefficient . 

rod diameter 

c r i t i c a l  tube diameter 

c r i t i c a l  s l i t  opening 

apparent  energy of activation 

- . .  

f@ function of intensity of turbulence 

E to ta l   ign i t ion  enerqy 

HL energy i n  l i ne  source 

i 

J 
K 

k 

L 

Ls 
2 

4 

P 

R 

r 

current . .  .. . .  

energy from capacitance 

constant 

average rate conetaat 

electrode  spacing 

quenching distance . - .  

. . . . . . . . . . . 

inductance 

number of fuel molecules per  unit volume 

pressure 

gas comtmt  

sphere rad iu  . . .  
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temperature 

equilibrium  adiabatic flame temperature 

mixture  temperature 

ignition lag 

spark  duration 

gas velocity 

burning velocity 

voltage 

therm& conductivity 

"rn 
Before a discussion of flammability and ignition is begun, it is desirable t o  

consider  flasle quenching. This phenomenon affects   the process of flame propagation, 
d t h  which flanrmability is concerned, and also that of ignition. B e  effects of 
quenching must eith- be  taken into account or eliminated in the measurement of 
limits of f 3 b i l i t y  and of ignition  energies, if meaningful  Interpretations of 
the data are t o  be made. In  older l i terature ,  the importance of flame qgnching waa 
not  understood, wftb the result that many misleading conclusions were reached. 

As stated in the IKCRonnCrrION, quenching may be observed when a Bunsen flame is 
allowed t o  flash back into  the burner  tube. This fac t  serves as the basis for a 
standard means of measuring  quenching distance. A flame is established on the burner 
port, and the mixture flow is then suddenly  stopped. If the flame flashes back and 
propagates dawn the burner  tube, a Bmeller one fs substituted lmtil the  tube u i l l  
Just permit the flame to  propagate. The diameter of the  tube ia thus the quenching 
distance for the  given  fuel-oxidant mLxture under the specflied conditions of tem- 
perature and pressure. In practice, a rectangular burner w i t h  a continuously varia- 
ble  width is often used, to  avoid the  frequent changeg of tubes and to improve the 
precision of the measurements. An alternative procedure FS t o  employ a fixed burner 
opening, and to  change one of the  canditions, such as pressure or mixture composition, 
until the  condition correspondin@; t o   t h e  specFfied quenching distance is determined. 

It will be sham that quenching distances may be meaeured  by entirely  different 
means from the ones just described. This is possible because of the exlszence of 
quenching effects i n  measurements of flammability and spaxk-ignition  energies of 
fuel-oxidant mixtures. Before  these  aspects a r e  discussed, however, some of the 
data on the  effects of variables on s t r a i g h t f o m d  quenching-distance measurements 
u i l l  be presented. 

Effects of Variables on Flame Quenching 

All the experiments described in t h i s  section were conducted with homogeneous 
mixtures of gaseous or vapor fuel and air or some other  oxidant. In addition, all 
the quenching distances w e r e  mec~sured by m e a n s  of the  flash-back of burner flames 
into  quiescent  mixtures. 
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Geometry of quenching surface. - Reference 1 reports quenching distances meas- 
ured by establishing a flame on a burner a d  then suddenly stopping the mixture flow. 
The flsme either  flashed back  through the burner o r  wes quenched at the port, de- 
pending upon the  size of the  burner. A variety of cylindrical and rectangular  tubes 
w a s  used, and the fuels w e r e  methane and propane in air a t  room temperature and 
atmospheric preseure . 

The c r i t i c a l  tube diameters and c r i t i c a l  s l i t  openings for  flame propagation, 
that is, the quenching dbtances, were not  the same. The c r i t i c a l  'diameters w e r e  
larger than t he   c r i t i ca l  s l i t  openings. A geometrical  factor B may be defined as 

. B = aJa2 

where 

dl c r i t i c a l  diameter 

+ cr i t ics l  slit  opening 

The data of reference 1 show that, for lean to  stoichiometric mixtures, the 
average  value of B is 1.25 f o r  methane-air mixtures grid 1.45 far propane-& 
mixtures. 

Hydrocarbon type. - fiiedmen and Johnston have measured the quenching distances 
of mixtures of propane, benzene, ;-heptane, and isooctane i n  air by determining the 
smallest opening of a rectangular  burner that w i l l  per&t a flame to  flash back when 
the mixture flow is stopped (ref. 2). The data are preeented i n  figure III-1, where 
quenching distance is platted againet pefcent  stoichiametric  fuel-air ratio. me 
experiments w e r e  carried  out at 1 atmosphere pressure and 2 l 2 O  F ambient temperature. 

Figure ILL-1 shows that  mixtures sl ightly  r icher than stoichiametric are able 
t o  propagate flame through the narrowest  channels. For lean and stoichiometric 
mixtures, the quenching Ustances decreEise in the order:  ieooctane 1 ;-heptane > 
propane >benzene.  Reference 2 notes that t h i s  mder is the same as the order of 
increasing  burning  velocities far the four compounde. In the  case of r i ch  mixt;uree, 
there exe changes i n  the order of wenching  distances, and it is not certain that 
there i s  any simple relation with burn- velocity. 

Although in  a l l  cases, the quem- distances  are small under the conditions 
of the experiment, there me considerable  percentage diFPerences f'rom fuel t o  fuel. 
For example, the quenching distance of a stoichiometric mixture of benzene i n  air 
at 1 atmosphere and 212' Ip 1s about 80 percent of that of a stoichicaaetric  isooctane- 
alr  mixture. 

Inert  dlluents. - For his uork on the e c t s  of inert gases on quenching, 
Friedman (ref. 3) used hydrogen as the fuel and  coducted  the experiments a t  anibient 
pressure and temperature. 'Ihe iner t  gaees  used w e r e  helium,. argon, nitrogen, and 
carbon dioxide. Mixtures of hydrogen, Oxygen, and inert gas were Prepared with 8 
quantity of iner t  gas such that the  calculated flame temperature of the  stoichiometric 
mixture was 4244' F i n  all four cases. 

Some of the  data of reference 3 are sham in figure K t - 2 .  It is Been that, 
for a given mixture, the quenching distance  decreases  with  the  inert  diluent used. 
in   the order: He > A > N2 > COz, that 15, the quenching effect of the walls on the 
flame is greater Ff the  diluent is helium than if it i s  carbon dioxide. Although 
the combustible used was hydrogen, andlogoue results would almost certainly be 
obtained  with a hydrocarbon fuel. 

I 

I 
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The  results  in  reference 3 were  interpreted on the basis of a thermal model of 
quenching,  in  which  heat is conducted a n y  from the  flame by the walls. lPlis artaly- 
sis indicated  that  the  quenching  distance  should  be  proportional  to  the  factor 

where 

5 heat  capacity per unit  volume of unburned gas 

% burning  velocity of mixture 

X thermal conductivity of mixture 

This parameter  correlated  the  quenching-distance  data for  various  inert  diluents  in 
a satisfactory manner. However,  it  is  emphasized (ref. 3) that no conclusion  could 
be drawn as to the t r ue  mechanism of quenching, and that  diffusion of active  parti- 
cles t o  the U s  might  be  important. 

Temperature. - Friedman aid Johnston  (ref. 4) have studied the effects of tem- 
perature on quenching  distance.  Increased  temperature  decreases  the  quenching dis- 
tance;  that is, the  flame  is  able  to pass through smaller openings. The results 
shown  in  figure. 111-3 for  propane-air  mixtures  at  about 1 atmosphere pressure are 
consistent  with  the  general  observation  that  chemical  reactions  are  promoted  by 
hcrease in temperature. No quantitative  interpretation of the data has yet  been 
made.  The  magnitude of the  temperature  effect  varies  with mixtme cmpoeition; f o r  
rich  and  stoichiometric  propane-air  mixtures,  quenching  distance is approximately 
proportional  to  the -0.5 power of the  absolute  temperature,  while  for lean mixtures, 
the  exponent  increases. 

Pressure. - Friedman and Johnston  have also studied.  the  effects of pressure on 
the quenching  distances of propane-& flames (ref. 4) and of benzene-,  a-heptane-, 
and isooctane-air  flames  (ref. 2). A rectangular burner wae enploy&, EB previous- 
described . 

Some of the  data of reference 4 are  presented  in  figure I I I - 4 .  Wnching dis- 
tance  increases &g pressure  decreases.  That is, the quenching  effect of the WalLS 
on the  flemes  becomes  greater  when the pressure  is  reduced. 

A logarithmic rxcoss plot of the  data of figure III-4 for several  propane con- 
centrations is s h m  in figure III-5. Straight  lines  result, 80 that the pressure 
dependence of the  quenching  distance iB of the farm 

dz a P-b 
where 

b constant 

p pressure 

Reference 4 gave  the value of the exponent b far the propane  concentration 
corresponding  to  the minlrmrm quenching  distance as 0.91. Reference 2 subsequently 
showed  that  the  pressure  dependence of the minimum quenching  distaaces of benzene-, 

flames.  It  therefore  appears  that, as a rough  approximation far hydrocarbons burning 
in air, 

- n-heptane-, and isooctane-air  flames  is  almost  identical  to  that of propane-air 
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In the  case of propane-air mixtures, however, the value of the exponent of the  pres- 
sure is s l ight ly  dependent on the p r o w e  concentration, and increases from lean to 
r ich mixtures. The effect-was noted in. reference 5, uing the data 'of reference 4, 
and a lso  in reference 6.  The followin& table shows the  variation of the pressure 

3toichiometric 
t'uel-air ratio,  

percent 

74 
74 
86 
87 
100 
100 
l l 0  
124 
149 

Negative exponent 
of pressure, b 

0.83 
.85 
.&4 
.85 
.88 
.89 
.91 
.95 
.98 

Reference 

concentration: 

The variations  in b shown by this   table  do not appear  very  large,  but, a s  can 
be  seen in figure III-5, they are quite apparent in a logarithmic  plot of quenching 
distance  against  pressure. 

Oxygen concentration. - Reference S describes the effects of preesure on the 
quenching distances of flames i n  various propane-oxygen-nitroe;en systems. -The 
measurements  were made with a variable-width rectangiiLar burner over a press&e 
range from  2.99 to 29.92 inches of mercury absolute.  Five  oxidant atmospheres w e r e  
used, containing 17, 21, 30, 50, and 70 volume percent oxygen. The effects of pres- 
sure on the quenching distances of f-0 i n  any given oxidant  w e r e  very eimilm t o  
those  described in the preceding section. . .  

A t  any given  pressure aad percent  stoichiometric propane, it was found tha t  the 
quenching distance decreased as the oxygen concentration of the a t  increased. 
The effects are shown graphically i n  f igme III-6, where data for   s toichimetr ic  
mixtures and two pressures are presented. The decreage in quenching distance  with 
increase in  the amount of.oxygen i n  the oxidant atmosphere is  very  rapid up t o  about 
25 percent oxygen ( a b  = 25. percent), and then beccmes wre gradual. 

'Y 
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Ikd Space 

When a flame is adjacent t o  a surface, it is observed that the luminous zone 
does not  exten5 completely to  the  surface. There is a region,  the width of which 
depends on the  experimental  conditions, where the  reactions appear t o  be quenched 
by the wall. The distance from the end of the luminous  zone to   the  d l  is called 
dead space. IIhe dead space may easily be observed, for  example,  by sighting acros8 
the  top of a Bunsen burner; it is seen-that  the  base of the flame cone is situated 
8 s m a l l  distance above the  burner port.' 

Thus, it is evident that the w a l l  quenches the flame reactions in the gau 
adjacent t o  it. It is therefore  logical  to  consider the topic of dead space in 
connection with a &iscussion of Quenching distance. 
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It might at first appear tha t ,  if the dead space  associated  with a flame prop- 
agating  through a rectangular  duct w e r e  measured, the deed apace  should  be  equal t o  
one-half the quenching distance under the same conditions.  This  interpretation is 
based on the idea that   the  quenching distance  corresponds t o  a stttrrstion i n  which 
the flame has zero  width,  because of the merging of the dead spaces  associated xith 
two w a l l s  when the walls are brought sufficiently  close  together. 

The fac t  is , however , that the quenching distance ie considerably larger than 
twice the dead space (ref .  7). Part of the dmerence IUBY be at t r ibuted  to   the 
fact that the measurement  of dead space is complicated  by  uncertainty as to   the  
boundary of the f-. For example, i n  v i s u a l  measurenents , the bcnmckcy is chosen 
as the farthest extent of the luminous flame zone; on the  other hand, if photo- 
graphs are  taken,  the boundary w i l l  almost certainly- w e a r   t o  be i n  a somewhat 
different  position because of the affferences  in   sensi t ivi ty  between the optical  
sptem and the human eye. 

Aside from these experinental  uncertainties , however, it is still reasonable 
that the quenchiug a s t ance  between para l le l  walls should. not be equal t o  twice the 
dead space  associated  with one wall. This i e  because the same flame is not observed 
in   the two cases:  the dead space is  associated  with a propagating flame , while the 
quenching distance , by  definition, is the smsllest opening that will just  permit a 
flame to propagate, or, equivalently,  the opening that will just prevent  propagation. 
Fur themre ,  it has been  observed i n  connection w i t h  the measurement of quenching 
distances i n  circuLar tribes that  above the   c r i t i ca l  diarneter the flsslle appears to 
f i l l  the  cross-section tlibe; at the quenching condition,  the flame i e  extiugufshed 
at the mouth of the tube (ref. 5). In other words, there does not appear t o  be any 
=ked diminution in  the s ize  of the f- as the quenching condition is approached. 

Thus, the dead space is a characteristic  distance  associated Wlth a flame, and 
it arises through the quenching action of the walls , but it is not equivalent t o  
the quenching distance. 

There have not  been many e x p e r b n t a l   s t u d i e s  of &ad space.  Reference 7 con- 
tains a summary of the work. Qualitatively, dead space varies with fuel concentra- 
t ion  and with  pressure i n  much the same way 88 does quenching distance. For ex- 
mple,  the minFrmrm dead space  occurs i n  butane-air  mixtures that are slightly richer 
than  stoichiometric , and increases as the  pressure is  decreased  (ref. 7 ) .  - 

Homogeneous Quenching 

The discussion of quenching has heretofore been  concerned with the  effects of 
w a l l s  on the flaroe. The effects  must occur  because the w a l l s  absorb heat or free- 
radical chain  carriers of the flame reactions , one or  both of which muat be trans- 
ferred ahead of the flame t o   t he  unburned gas in  sufficient  quantity if the flame 
is t o  continue  propagating (see ch. IV). These considerations s u e s t  the  possi- 
b i l i t y  that a flame might be quenched by the combustible gas itself. Such homo- 
geneous quenching might occur, fo r  -le, with a flame propagating i n  a turbulent 
mixture. Lf the turbulent  intensity w e r e  suf'ficfently  high,  the  dilution of the 
flame zone with  cold unburned gas might overwhelm the transfer of heat snd chain 
carriers from the burning zone t o  the surrounding fresh gag, and the flame would 
then be extinguished. 

The situation described has received very limited e erimental attention.  In 
the only avai lable  literature concernfng this phenomenanTref. 8 )  , the spread of 
flame from a nucleus i n  a flowing turbulent stream through a tube was studied. The 
turbulence was pipe  turbulence, and the mixture of propane and a i r  waa perFodicaYy 
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ignited  by a spsrk across the f u l l  width of flaw. Inasmuch as there was no flame 
hol&r,  the flame traveled downstream with the flow and wa8Bbserved stroboscopi- 
cally. A t  the limits of flame propgation,  the m i x t u r e  vas ignited at the spark, 
but  the flame nucleus decreased in   s ize  and w a s  finaiiy"eiA€-*shed ai it traversed 
the test section. The range of propane concentrations over which propagating 
flames were obtained w a s  determined f o r  f* velocities up t o -  250 feet   per second. 
Typical curves , obtained at a static  pressure &- 30-.7-1nEKeS d? mercury absolute , 
are shown i n  figure 111-7, where tbe  concentration range of propagation is seen t o  
narrow with  increasing  flar..yelocity.  "&lean linhit of flare propagation changes 
less rapidlythan the rich when the data &e plot ted  in  terms of percent  stoichio- 
metric, and the two limits tend t o  converge  on the stoichiometric propane concen- 
tration. A Reynolds  nmiber of 2000 i n  these tests corresponded t o  about 12 f e e t  
per second flow velocity;  therefore,  the data apply to the  turbulent regime. In  
one series of experiments, a .  screen w a s  inserted upstream of the spark; th i s   re -  
duced the turbulent  scale, but there was no appreciable  effect on the range of mix- 
tures capable of propagating..  flame at  a gAven velocity. Reference 0 offers no con- 
clusive  explanation of the behavior of the  lean lWt curve at flcWvelocities less 
than 50 fee t  per second. 

Inasmuch as the turbulent  intensity  increases  Kith  increasing flow velocity, 
the experiments indicate that the idea of homogeneous quenching by dilution vi th  a 
combustible  mixture may have some physical  reality;  reference 8 suggests t h i s  mech- 
anism t o  explain curves similar t o  those .sf figure ISI-7. 

Interpretations of Wall Quenching 

I n  order to interpret t&e observed ability of w a l l s  t o  quench flames i n  terms 
of filnbamental processes , it is f i rs t  necessarg to. deci&- upon the mechanism by 
which a flame is presumed to propagate, @d then to examine the  influe-me of the 
presence of q o n  t h i s , m e c h a n i s m .  ~nasmch is a frsSle 18 zone-of intense 
chemical reaction accompanied by the evoiution of heat &d the  formation of new 
products  fromthe  reacting  fuel and air, there  exist steep gradients  of temperature 
and concentration from the flame t o  the  burned g a s .  

It is  possible to set q WPerential  equstions that govern the flow of heat 
and of vaxioua molecular species that mu@ occur as a result of these graalepts. 
In or& to use the  equations and to  obtain e o l ~ i o n s . . 6 y - a r - ~ ~ y . m e ~ s ,  however, 
it is necessary t o  make certain assumptions. This matter is uscussed  in  chapter 
N. A t  this  point,  it may suf f ice   to   say  that, although  both heat and matter must 
flow from the flame because. .of the- gradients that e+@L-and+lh~- 'he  transfer 
of both heat and matter are  probably  essential  features-of  €lKbasic mechanism of 
flame propqation,  in  the  past ,  one OT the  other of these tvo types of transfer has 
been chosen as mst important. In other.xords, in order t o  make the basic differ- 
e n t i a l  equations. amenable t o  solu&ion In: closed. form, .i.t.--a._ e p t i m e s  assumed that  
the transfer of heat from the flame t o  the unburned -&-a"is:the -most 5 p o r t a n t  proc- 
esa   in  flame prapagation, and that the  diffusion af matter is much less inportant. 
In other  cases,  the apposite point. of v w  was adopted. -. - I n .  eitker case,  the ass-- 
t ion made can  be just i f ied i n  various ways. 1- - 1- 

As a result of the considerations  dfscuesed, two schools of thought have arisen 
concerning the most important lnechanism responsible for flame propagiation. One em- 
phasizes the inrportance of heat conduction from the hot-to f h  cold gas, since it 
i s  known that chemical reactions can be k ta r ted  and accelerated  by an increase  in 
temperature. The other  stresses  the importance of the dfFPusion of certain  active 
particles  (free  radicale aDd atoms) lrn- t o  be prodxed- i-n-_f+mes; becauee of their  
highly reactive and energetic nature, these a c t i v e  par t ic les  axe supposed t o  be able 
t o  i n i t i a t e  chemical reactions  in  the  cold  as. Actually, a a  stated previously, 
both  features may be important. 
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, Thus, interpretations of the quenching effect  st& with  the assumption of one 
of these two processes 8s the more important one, a d  then  identify the walls as a 
s ink  for either heat or active  pexticles. On the basis of these models, the flame 
is quenched if the walls abstract m e  than some critical ammm-t of heat or active 
particles.  The resulting  interpretations may be described as either t h e m  or 
diffusional  interpretations. 

Actually,  the  distinction is not as clear aa m i g h t  be inferred. For example, 
references 3 and 9 describe  interpretations of quenching distance that are based on 
heat  transfer  to  the  cold walls, but i n  both cmes, the equatfons  involve the ex- 
perimental  burning  velocity of the mixture ( s e e  ch. IT). Consequently, there is  
the  possFbi l i tythat ,  if the  burning  velocity depends q o n  diFPusion of active 
particles,  these quenching theories are not uniqaely thermal. 

The theory developed i n  reference 3 was used, as described, to   correlate  data 
on'the effects  of various inert   diluents on the quenching distances of hydrogen- 
oxygen-diluent  mixtures. me correlating parameter (eq. (2)) was quite  successful; 
it has not been applied t o  other  types of qyenching data. 

The theory of reference 9 La based on the coldbustion-wave theory of Lewis and 
MU Elbe (ref.  lo), and has been applied t o  quenching distances of methane-oxygen- 
nitrogen mixtures at atmospheric  pressure. With the use of an experimental blnnlng 
velocity, it is possible t o  solve  the  equations t o  obtain an estimate of the abso- 
l u t e  value of the quenching distance of a mixture. In reference 9, these calcCk- 
t ions  are made and the results compared with  experimental values. Quenching by 
tubes and by  rectangular burners w&8 considered. Some of the results are reproduced 
i n  the f o l l a r ing  table : 

I Mixture, percent  by volume I 
&thane 

39.7 54.4 71.2 0 0 0 0 0 0 Nitrogen 

21.5 16.3 10.0 52.5 50 40 25 15 10 
oxygen 39.8 29.3 18.8 47.5 50 60 75 a5 90 

Cri t ica l  slit 
openings, 

Experimental 
Calculated 
Percent  deviation 

"r 
Quenchin 

0.086  0.046 0.028 0.04: 
.039 .019 .03: - ? /  -151 -321 -23 

Cri t ica l  diameters, dl 
~~ 

ExperFmentEl 
Calculated 
Percent  deviation 

I dbtance 

0.15 
.09 
-# 

0.215 
.19c 
-12 

1.43 
2.11 

0.22 
.14 

0.079 0.28 
.OS6 -17 

-36 -29 -39 

0.325 

-18 6 5 
.n7 .354 .340 

0.142 0.335 

1.48 
2.43 

1.80 1.20 
2-09 2.08 

0.053 
.038 
-28 

0.092 
.075 
-18 

1.74 
1.97 

26.4 

24.5 

0.045 
.039 
-13 

0.070 
.061 
-13 

1.56 
1.56 

From these data, it may be seen that the  theory of reference 9 is capable of pre- 
dicting reasonably w e l l  the observed values of dl, +, and B. 
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In contrast   to  the two thermal treatments of quenchiug described,  reference- 5 
presents a diffusional  InterpretatLon  based on the  destridtion of active  particles 
at the wall. It was assumed that the  diffusion of a c t i v e  particles ahead of the 
flame, where they  react  with fuel molecules, is responsible  for flame propagation, 
and that Pmen the flame .is near a wall, a certain  proportion of the  active  particles 
is l o s t  by  coUlsion with the s-ace. On t h i s  basis, it was possible t o  set up a 
balance between the nuniber of collisions of active particles and flllelmolecules re- 
quired t o  propagate  the flame, and the  umber of act ive  par t ic les   lost  by  diffusion 
t o  the wall. The imgortant active  p&icles were a'eL56a-to  be  the  light,  rapidly 
diffusing  species H, 0, and-oH. The qF:nching distances for lean t o  stoichiometric 
mixtures  could be calculated from the  resulting equat-ions with  surprisingly god 
accuracy.  Separate  equations were  kveloped  for two ca8es: (1) I)& c r i t i c a l  diam- 
e te r   for  flame  propagation i n  a cylindrical  t&e: 

where 

C 

%, DOIDOH 

d l  

k 

Nf 

?EPpOJPOH 

*F 

fraction of molecule8 present  in gas phase uhich mugt react for flame t o  
." " 

I 

continue t o  propagate at 

d i m i o n  coefficients of E, 0, and OH at 77O F and 1 a b  

crit ical ,  tube diameter far propagation i n  a given  fuel-air  mixture at a 

. - .- "" ". . . . " .- ." . -- - .. ._" - 
particum pressure e- 

averaQe rate conetaut f o r  reaction of active pa.rticles v i t h  fuel  molecules 

number of fuel molecules per unit volume 

equilibrium p m t M  pressures of E, 0, and OH i n  flame 

equilibrium adleatic flame temperature 

. .  
" " . - -- 

. .  

(2) The minimum wldth of the opening for propagation thraugh a rectangular slit: 

where 

a2 critical opening of rectangulax slit for - . propegation . . . . - - 

Equations (5) and (6) were used t o  make absolute  calculations of quenching dia- 
tances for propane-air  mixtures over a range of concentrations from lean t o  stoichio- 
metric and pressurea less than 1 atmosphere, and  Bix-KoTchIometric ethene-a€+ and 
isooctane-air mixtures in a similar pressure range (ref. 5). All qmntf t ies   in  the 
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equations were calculated or estimated,  except  the  constants C and k. It was 
found that C could be approximated by  the lean concentration  limit of f laranability 
measured a t  atmospheric  pressure, and that E suitable value of k could be derived 
from burning-velocity data. These constants have specific d u e s  for a given fuel 
and oxidant ; theref  ore, it is  not  required  to uee a separate experimental  value for 
the  calculation of quenching distance at each  condition. It xLll be recalled that 
the  theory of reference 9 requires a value of the  burning  velocity  for each  condi- 
t ion  at which an  absolute  calculation of quenching distance is made. The agreement 
between observed and calculated quenching distances shown i n  reference 5 was quite 
striking, with an  average  difYerence of *3 percent. The agreement WRS probably i n  
aome degree fortuitous, and depenaed in  part on the  choice of the  diffusion  coeffi- 
cients and the choice of the temperature dependence of the  diffusion  CoefficJents. 

However, equations (5) and (6)  may be uned to   cor re la te  quenching-distance 
da%a if the ratio C/k is l e f t  as an undetermined constant. This was done i n  ref- 
erence 5, and also i n  reference 6, where the  effecta of pressure, propane concen- 
tration, and oiygen  concentration in   the  oxidant were found t o  be correlated.  In 
reference 6, it was found that the choice of dlffusion  coefficients and temperature 
hpedence  &a not affect  the result .  

In  addition,  this  treatment  predicts the 
factor B: 

This resu l t  is i n  aareement with exoeriment. 

following value for  the  geometrical 

sure exponent b (ei. (3) ) and its -mia t ion  with f u;?i concentration  are r"&bly 
well predicted  (refs. 5 and 6).  

A l l  three of the  interpretations  discussed have had some success. No two have 
been applied t o  the same s e t  of experimental data; hence, direct  comparisons  cannot 
be made at present. The diffusional  treatment has been  used i n  more widely varying 
situations  than the others, v l th  good success, but it does not  hold in  its present 
form in  the case of mixtures  richer than stoichiometric. 

Quenching i n  Flaummbility ana Spark-Ignition Measurements 

It was stated at the beginning of the  discussion of quenching that meaaurements 
of flammability and spark-ignition  energy may be affected  by quenching. It is 
therefore sometimes possible to determine quenching distances from such measure- 
ments. It Kill ~ f l w  be shown br ie f ly  how these  effects appear. 

F m b i l i t y  measurements. - The concentration  limits of Sllllmmnbility are,  if 
measured properly,  true physicochemical  constants fo r  each fuel.  Limits of t h i s  
type me  discussed  in  the  following  section. Determination of these limits has 
generally been l imited  to  work a t  atmospheric  pressure. However, some work has 
been done a t  lower pressures. Most of the observations at reduced pressures have 
indicated that the lean and rich Umita of homogeneous mixtures  progressively con- 
verge and f ina l ly  meet a t  some pressure below which no flame w5I.l propagate. Most 
of the  older  l i terature on low-pressure lfmits should be regarded cr i t ical ly .  In 
most cases, insufficient cognisance w&s taken of the  effects  of the  s ize  of the 
test vessel and the need far a powerful ignition source. Thus, many  of the  l imits 
recorded are actually  ignit ion  l imits for the  particular source  used, or are the 
result of quenching by the w a l l s .  For example, it was belleved that mixturea of 
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ardinary hydrocarbon fuels i n  air could  not  Bustsin flame propagation below a pres- 
sure of about 1.2  inches mercury; it l a  now Imam that t h i s  minimum pressure i s  
actually s e t  by quenching due t o   t h e  walls oE the usual 2-inch-diameter tubes used 
i n  the experiments. The mlnlmwn pressure is larered if larger tubes are used. 
Another a f f f icu l ty   in  measuring limits a t  pressures  other  than atmospheric is the 
need t o  rmiutain the pressure  constant during the propgation of the flame. 

Recent work has avoided these  difficult ies,  and has claxified  the meaning of 
the  l imits a t  reduced pressures (ref. 5). C a r e  was taken t o  eliminate any effects 
of the fgnition  source, and the flame tubes were connected t o  a Large plenum 80 

that the flames propagated at essentially  constant  pressure. The limits were meas- 
ured fo r  homogeneous fuel-air mixtures in flame tubes of several diameters. "pi- 
cal reeults  for  propane-air are shown i n  figure 111-8 (ref. 5). It is seen that 
the  lean-limit  concentration i s  lower i o r  the  larger tuhes, as is the minimum pres- 
Bure fo r  flame propagation. The r ich limit, although  not shown i n  figure 111-8, 
also  fncreases with increaaing tube diaEter; therefore,  the flammable range a t  a 
given pressure is wider f o r  the larger tubes. 

Inasmuch 88 the diameter of the flam tube affects  the  results,  it is evident 
that these limits are not true flammability limita. That is ,  they afe not phpico-  
chemical constants of the fuel. They are better termed limits pfflame propagation 
at reduce&  pressures. The behaviar of the data suggests that the limits are set 
by quenching action of the tribe walls, and in order t o   t e a t   t h i s  idea, logarithmic 
crom  plots of the data of figure III-8 were made at  constant propane concentra- 
t ions on the lean side ~f stoichiometric. (ffg. 111-9). 

Friedman and Johnston (ref. 4)  measured quenching distances far propane-air 
flames i n  terms of the c r i t i c a l  width of a rectangulert. dit that would allow flash- 
back of a Bunsen flame when the m i x t u r e  flow W&B reduced. Some of their   data are 
also Shawn in   f igure 111-9; the   c r i t i ca l  slit vidths have been multiplies by an 
empirical  factor of 1.4 t o  account for  the  geometrical  differences between the ex- 
periments.  Figure 111-9 shows that the two types of data  nearly  coincide. There- 
fore, it was concluded that the measured preasure  limit of fl- propagation OP a 
given mixture in a tube of .a particular  size is actually a measurement of the criti- 
cal diameter, or quenching distance, f o r :  flame propagation in the mixture a t   t h e  
pressure of the limit (ref. 5). 

Spark-ignition energy measurements. - @ark-ignition energy is measured by de- 
termining  the minimum amount of energy that must be dissipated in   the gap between 
t w o  electrodes i n  order t o  produce a f w .  T t  has been found that, fo r  a given 
temgerature, pressure, and fuel-air mixture, t h i s  energy depends upon the  length of 
the gap (refs. ll and 12). Typical results are shown i n  figure 111-10 for  natural  
gae a t  1.0 atmosphere pressure and i n  figure 111-Il for propane a t  3.0 inches of 
mercury &solute. It shod& be noted that, regardless-& the electrode geometry, 
the C ~ B  converge at  so= minimum ignition energy a8 the  electrode gap l e  in- 
creased from low values. The most striking curve i s  the one sham i n  figure 111-10 
for Slanged electrodes; it i s  seen that the minimum spark-ignition energy increases 
xith extreme rapidity i f  the  electrodes e closer  than about 0.08 inch. IR other 
words, the flanged  electrodes have the  effect  of suppressing  Ignition  altogether if 
the gap is less than s m  c r f t i c a l  da th .  

The function of the i w t i o n  spark i s  t o   s w l y  the energy  required t o   i n i t i a t e  
the chemical reactlone of a self-prqpagating flame. b m t h e  preceding discussion 
of wall quenching, it is evident  that a flame cannot  propagate  through the gap 
formed by  the  flanged  electrodes if the  distance is lees than  the quenching dis- 
tance. Conaequently, i f   the  gap is  less than  the quenching distance,  the mixture 
cannot be ignited  regardless of the amount of energy  supplied. 

.. 
- * 

. .. 

1 

. 
WJ 

I . 
" I 

P 
iF  
I 



NACA RM E54107 - 111-13 

L . 

. 

t . 

In  the experiments yith unflanged  electrodes,  the quenching distance is not 
so w e l l  defined;  increasing  the  energy  supplied to the gap overpowers the quenching 
effects,  and a propagating- flame can be obtained. However, it is  Significant that, 
in  figure 111-10, the start of the rising portion of the  curve obtained with UTI- 
flanged  electrodes  coincides  with  the quenching distance. 

F i d l y ,  it wlll be s h m  that the quenching distance  obtained f iom spark- 
ignition  experhents is the same or very nearly the same &B that obtained by the 
usual means, tha t  is, by  determining the c r i t i c a l  s l i t  opening far flash-back of a 
Bunsen f b .  It is d o  the same as the c r i t i c a l  diameter obtained from low- 
pressure limits of flame propagation, as described i n   t h e  preceding  section, m u l t i -  
p l ied by a constant t o  account for   the geometrical  differences i n  quenching effect  
by cylindrical  and plane-parallel  surfaces. D a t a  of all three types are p lo t ted   in  
figure =-X, and it is seen that the points conform very w e l l  t o  a single l ine  
(ref.  5). 

Thus, it has been sham that the same quenching effects  that have been studied 
by means of flash-back also &end t o  measurements of fhm.mbnmmnh.llity a t  reduced pres- 
sures, and t o  measurements of spark-ignition energy. -Wall auenchiw i s  therefore 
an  important phenonaenon at all stages of the combustion procees, and mu~t be 
sidered if unambinuo 

con- 
UB interpretations of coIlibustion data are to be made. 

~ I L m  LIWTS 

Effects of Variables on Flemmabilfty L i m i t s  at Atmospheric Pressure 

It is necessary in   the  measurement of lean and rich  concentration m t s  of 
flammability t o  eliminate all external effects,  SO that the limit is a property 
on ly  of the fuel at a given  temperature and pressure. C m d  and Jones (ref.  13) 
have c r i t i ca l ly  reviewed the literature on flaMu!ability l lmits  and have recorm=nded 
the  experhental  procedure that wil l  lead t o   t h e  determination of true limits. 

It has already been stated i n  the definit ion of flanmLable  mixture6 tha t  the ig- 
nit ion source must not affect the results.  If a weak source is used, some mixtures 
may not  inflame, especially if they axe near the- limit  concentration, while EL 

stronger  source would succeed in ignit ing them.  The limits determined with the weak 
igniter .would consequently not be limits of f-bility, but merely limits of ig- 
nit ibi l i ty   for   the  par t icular  source  used. Thus, it is essent ia l   to  use a strong 
source, such as a spark several dJX.m=ters long or  a small mked flame. 

In order to   minbize quenching action  by the walls, the vessel fn  which the 
flame is observed should be at least 2 inches i n  diameter for observations at at- 
mospheric pressure. It should also be long enough (4 f t )   t o  allow the observer to 
judge  whether the mixture is t ru ly  capable of propagating a flame indefinitely away 
f r o m  the  ignit ion source. A glass tube of these dimensions is a s u i t a b b  veesel. 

The ignition end of the tme a u l d  be open during the test, to avoid a change 
i n  pressure. Finally, it is important t o  spec- the direction of flame prapagation. 
Since it may be stated as a rough  approximation that a flame cannot propagate  dam- 
ward in  a mixture if the  convection  current it produces is fas te r  than the speed of 
the flame, the limits for  upward propagation are  usually s l igh t ly  wider than  for 
damward or  horizontal propagation. 

The experimental results  discuased are limited to those  obtained  Kith upward 
propagation, and subdect t o   t h e  precautions  described, unless otherwise noted. In 
addition, on ly  concedration limits of f lammbil i ty  a t  atmospheric pressure dll be 
discussed; the  effects  of pressure will be  considered later. 
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Hydrocarbon type. - The flammability limits of various hydrocarbon types i n  

a* a t  atmospheric  pressure and room temperature are -tea in table III-I (ref. 
13). For the comparison shown in t h i s  table, the limits are expressed i n  terms of 
the  percent of stoichiometric  fuel-air  ratio (by weight). 

Although the results of table  IIT-I indicate no st r iking  effects  of hydrocarbon 
type (above propane and propene) on the lean  flammability limits, considerable var- 
iat ion among the rich limits i s  apparent. Among the  saturated compounds ( n d  
and isoparaffins) , the  r ich limit tends  to  increase  with molecular weight. Inas- 
much a8 the lean limits are about the same for a l l  the f'uels, the range of flamma- 
bili ty  increases  with molecular  weight. Ranges of flammability  calculated from the 
data of table III-I have been p lo t ted   to  show this increase  graphically (fig.  

. 111-13). A more complete se t  of data (ref. 14) indicates that the fhmmible range 
for  normal pe;raffins paases through a ~llaximrnn a t  :-heptane and decreases t o  2-decane. 
However, these data (ref. 14) are less accurate  than  those of table III-I because 
the work ma done at reduced  pressure8, and extrapolations must be made t o  estimate 
the limits at  1 atmosphere pressure.  In  epite of these  extrapolations, it is be- 
lieved that the proper t r e e  me indicated. 

The bmnched-chain hydrocarbons (isaparaff  ins) have somewhat smaller flammgble 
ranges than the corresponding straight-chain fuels (fig. III-13). 

Among the  three monoolefins lfsted, ethene  stands  out  because of its extremely 
w i d e  range of flammability (45.8 to 676 percent  stoichiometric). The resul ts  for 
propene and I-butene axe similar to those for the corresponding saturated compounde. 
Figure 111-13 emphasizes the anomalou~  nature of ethene. An extension of the curve 
for olefins, by means of the data of re feence  14-, would show that the flammable 
range increases  rapidly f r o m  propene t o  1-hexene, and then  levels off through 
1-decene . 

The data for aromatic compounds are incomplete. The flammable range for benzene 
is smaller than that fo r  a six-cafbon-atom branched-chain fuel. 

The flammability limits for  cycloparejlf ins axe not included in   t ab le  111-1, but 
reference 13 show them t o  be very  similar t o   t h e  limits of normal paraffins with 
the sme umber of carbon atoma. 

/ Petroleum fuels. - The discussion  thua far has been concerned with the fhma- 
b i l i t y  limits of pure hydrocarbons. On the other hand, pract ical   a i rcraf t  f e l s  
are complex mixtures of mazly hydrocarbons,  each with its own effect on the limits 
of the mixed fuel. The limits of such fuals, however, may be measured i n  the manner 
previously described, if the  apparatus is maintained a t  a temperature high enough 
t o  keep all constituents in the vapor phaee. 

Inspection of the data i n  table In-II (ref.  15) shows that, i n  order t o  obtain 
a consistent set of f lamti&bility limits for these four fuels, the limits of all 
would have t o  be determfned at  a rather high temperature. Perhaps the closest ap- 
proach to  the  required  conditione is  found i n  experiments reported in reference 16. 
The limits determined a t  3000 F and atmospheric pressure far three f uele are listed 
in  table  III-III.<khe data of reference 16 xere reporbed  only i n  terms of fuel-& 
rat ios ;   in  mder t o  express the limits i n  volune percent fuel vapor i n  a i r ,  it was 
necessary t o  estimate gome average m h c &  wet&, fo -. p i e  Xaer done 
by the methods described i n   r e f e  reace?: with  the f o l ~ & ~ t . s :  average mo- 
lecuLar weight of 100/130 grade gasol ne 100: JP-l. 150: Jp-3.  114. Assuminn that 

L 

r' 

the fuels are mainly barnposed of-paraffin &ocarb&, these k e c u l a r  weights 
correspond  approximately t o  heptane, decane, and octane,  respectively. The limits 
for these compounds (table 111-1) compare fairly well with  the limits In t&le 
111-111, considering  the approximations and the differences  in temperature  involved. 
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It seems definite,  f r c e a n d .  &her .data,  that the SmarcaBle rawe .- 

fuels completely  vaporized and mixed with sir is about 1 t o  7 percent by v o l ~ ~ ~ .  
.- . "   - .  " -* " 

If multicomponent l iquid fuels are not  completely  vaporized, quite  different 
resul ts  may be obtained. Thus, if the tests are carried out at low temperatures 
and only  part of the l iquid sample is vaporized, the vapors XiU. be composed mainly 
of the k e r - b o i l i n g  constituents. Mixtures of these vapors w i t h  air may be pre- 
pared, and the limits determined i n  the manner previously  described. Both lean and 
r ich  limits should l ie at higher  concentrations (volume percent)  than if the ent i re  
S W ~  w e r e  vaporized,  because the Units of the lighter hydrocarbons  behave i n  
t h i s  manner (table =-I>. This  expectation is v e r i f i e d  by experiment; the lmr 
the temperature, and hgnce the smaller the   f ract ion of l iquid fuel that  Berms as 
the source of vapor for raking fuel-air mixhres, the higher the  concentrations of 
the l imits  (ref. IS). 

It is evident  that the hist- Of 89 aircraft fuel has an  effect On its l l m i t S  
of fbmnabili3y.  Far exanrple, a fuel cantalning  quantities of Volatile hydrocar- 
bans may be stored under conditions that permit t he i r  gradual eacape and the limits 
~ l l  be more and more controlled by the heav ie r  conrpounda. Consequently, it is 
d i f f i cu l t   t o   p red ic t   t he   fhmab i l i t y  of a given sample, and even m e  d i f f i c u l t   t o  
obtain  reproducible results if the supply of fuel vapor is obtained from, for ex- 
ample, the first 10 percent of the   l iquid  to  evaporate. 

The preceding discussion refers. t o  unsaturated vapor-& mixtures. If a liquid 
f M and its vapors are allow& t o  came to equilibrium i n  a volume of sir, so that 
the air  is saturated a t  the given teqera ture ,  the temperature itself sets the lean 
and rich limits. For example, grade 100/130 gasoline and JP-3 Jet  fuel have such 
high  equilibrium vapor pressures a t  a temperature of about 78O F that saturated 
vapor-air mixtures are beyond the r ich  limit and me  therefore  nodlamable.  As the 
temperature is  lowered, however, a point be  reached on the vapor-pressure  curve 
of the fuel that  corresponds t o  the  concentration of fuel i n  air at  the  r ich limit. 
With st= further  reduction i n  temperature, the  saturated mixtures will be flam- 
mble un t i l  a temperature is  reached that corresponds t o   t h e  vgpor concentration for 
the  lean limit. The two temperatures are referred t o  EE the r ich  and lean tempera- 
ture  limits of flammabFlity ( a t  a given  pressure). * range of temperatures cor- 
responding t o  flammable saturated m u r e s  is lower for volat i le  fuels, such a~ 
100/130 gasoline or JP-3, than for the less volat i le  JP-1 or JP-4. The t w e r a t u r e  
limits are  discussed  in  reference 15. 

It is not clear whether the temperature U t e  of fhnmmbility of saturated 
mixtures have any application  to flowing mixtures of fuel droplets in air. It is 
perhaps conceivable that 8 spray of fuel droplets might come t o  equilibrium in   t he  
mving  a i r  stream if the  turbulence  level were sufficiently high to effect very 
r q i d  heat transfer and mixing of the vspor and air. Even Ff equilibrium were at- 
tained, however, the  si tuation would be complicated.by the effects of fuel droplets 

the  effects of velocity and turbulence. 
the  flammability of the vapor fuel - ~ t f r  - fuel droplet mixture, &8 w e l l  a s  by 

Mists and sprays. - Very l i t t l e  wmk has been done on the flammability of 
vapor fuel - air - l iquid fuel mixtures. There are obvious d i f f icu l t ies   in   the  
EaSuriW of flanrmability limits i n  quiescent  mixtures because of the need t o  pre- 
Pare  reasonably stable mists, i n  wfiich the droplets will not s e t t l e  out before  the 
ab i l i t y  t o  sustain flame propagation can be tested.  In  addition, it is necessary 
to characterize  the average  droplet  size.  Reference 16 (p. 40) reports measure- 

turea  to condense some of the fuel. The average droplet  size, meamred ianneaa~ly 
after formtion, 10 microns E t  320 F. under these  conditions, the flammability 

menta of the f-billty af m i s t s  of JP-1 fo-d by chilling; vapor fuel - air e- 
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llrqits were at  fuel-air ra t ios  of 0.043 (lean limit) and 0.23 (rich limit). Con- 
sidering the dif'ference in temperature, the limits of JP-lmists are similaf to   the  
l imits of JP-1 vapor-air  mixtures a t  300° F given in   t ab le  1x1-III (fuel-ah  ratios,  
0.037 and 0.31). More specifically, an estlmate of the effect  of the 268O F tem- 
perature difference on the limits, based on the  temperature  effects on limits of 
homogeneous mFxtures (to be discussed i n  a subsequent section), s h m  that the lean 
l imit  of the mist corresponds very  closely t o  that of the vapor. The rich limit of 
the e s t ,  however, i s  a t  a lower concentration  than would be estimated from the 
data on homogeneous mixtures. It may be concluded that, at least with these small 
droplet  sizea,  the  propagating flame is able t o  vaporize and consume the fuel vith- 
out much peaalty an the range of flammability. 

Reference  16 (p. 43) also reports t ea t s  of the flaumKbility of Jp-l f'uel spray 
formed i n  a tuo-flufd nozz'k (fuel and air) and igni ted  in  a glass test chaniber. 
The spray w a s  found t o  propegate flame in the upstream direction d m  t o  a lean 
limit of 0.0394. It is not  clear that t h i s  V E ~ B  a true limit of f l amab i l i t y ,  be- 
came of the uncertain  effects of velocity,  turbulence, and droplet s ize .  For ex- 
ample, in  other tests on the i g n i t i b i l i t y  of sprays, it warn observed that individual 
drops were ignited on passage  through a spark, and that as the  fuel flow was in- 
creased, these merged into a long continuous flame at  a fuel& r a t i o  of about 
0.006; t h i s  value is  much below the lean flmmanmrmshility limit (ref.  17). Such ob- 
aervations emphaeize the need t o  define a, cri terion  for the f l m m b l l i t y  of l iquid 
sprays. 

In any event, from the meager infarmation available, it seem  clear that flames 
can  propagate i n   m o r  fuel - air - lLquAd fuel mixtures at over-& fuel-air   ra t ios  
similar t o  those found for the limits of -homogeneous vapor-air m i x t u r e s .  -7 

The obsemtions that are sometimes made of burning at extrelaely lean or rich 
over-all fuel-air ra t ios  may be a result of the exidstence of regions  in which the 
mixture is actually KLthin the flammable range; these  regions may serve as sourceB 

L 
of piloting combustion. 
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Diluents. - AB increasing amounts of an  incombustible gas or vapor are added 
to the atmosphere, the f-bility limits of a gaseous fuel i n  the atmosphere ap- 
proach one another, and f ina l ly  meet. Inert  diluents, such as  carbon dioxide, ni- 
trogen, or argon, merely replace part of the oxygen i n  the m i x t u r e ,  but they do 
not all have the same extinctive power: . it is found that the order of efficacy is  
the 8- as that of the  heat  capacities of these  three gases: 

For exmaple, the minimum percentage of oxygen that vlll permit flame propagation i n  
mixtures of methane, a i r ,  and carbon dioxide is 14.6 percent by volume; i f  nitrogen 
is the  diluent, mre i s  required t o  reduce the oxygen t o  2.1 percent, and i n  the 
case of argon, still more i s  needed t o  reauce the oxygen t o  9.8 percent  (ref. 13, 
p. 49).  

Other types of diluent axe far more effective than  the  inert gases. Certain 
halogen-containing  organic compounds, in.paxticular. have very. poxerful effects. 
Figure 111-14 is  a plot of the  lean and r i ch  limits of flammability of gasoline in 
atmospheres of a i r  plus several d,ll=nts.  The compositions  given are volume per- 
centages of the t o t a l  mixture. It is  seeu that methyl bromide and chlorobromo- 
methane (ref. 18) are much nore effective  extinguishants  than  nitrogen, exhaust 
gas, or carbon dioxide (ref. 10, p. 764) ; t ha t  is, emaller  concentrations are re- 
quired t o  prevent flame propagation in any mixture of gasoline vapor and air. Ref- 
erence 19 contains a thorough discussion of this  subject. 
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Inasmuch as the halogenated compounds are i n  RU en t i re ly   d i f fe red   c lass  of 
efficacy from the other  three  gases shown i n  f fgure IIT-14, it is believed that 
they  exert  their  extinctive  action  by  interfering  with  the chemical reactions of 
flame propagation, rather  than  by  absorbing  heat  or  diluting  the mixture. 

Figure 111-14 also share that the r ich  l imits  are mre sens i t ive   to  diluents 
than  the  lean limits. For example, as much as 15 percent added nitrogen has PO 
appreciable  effect on the lean side of the curve, but reduces the  r ich limit A-om 
7 . 4  t o  5.4 volume percent gasoline -par. 

Temperature. - I n  view of the accelerating  effect of increasedtenrperature op 
chemical reactions, it i s  reasonable t o   e q e c t  that the limits of fhmnabi l i ty  
should be broadened if the  temperature is increased. That is, the lean limit  should 
l i e  a t  a lower concentration, and the rich limit at a higher one. This is experi- 
mentally found t o  be the  case. The limits change linearly  with  temperature. For 
example, the lean limit of 2-pentane decreased from 1.53 volume percent at room 
temperature t o  1.22 percent at 5700 F, so that the lean l imit  decreased at a rate 
of about 6.1X10-4 v o l m  percent per ?F. The r ich  limit increase& at a higher r a t e  , 
approxlmstely 17x10-4 volume percent  per 9 (ref. 13, p. 63). These data were  ob- 
tained with damuard flame propagation,  but upward propagation leads t o  analogous 
resul ts  (ref. 14). The figures quoted for 2-pentane appear t o  be  characteristic of 
other  hydrocarbon fuels. Thus, increases in the temperature of homogeneous 
hydrocarbon-air mixt,ures produce wldened limit8 of f m b i l i t y ;  hawever , the ef - 
fec ts  are relat ively wrall. 

Velocity and turbulence. - Wst  of the flammability-limit  studies  discussed 
previously have been  concerned with  quiescent, homogeneous mixtures.  Information 
on the flaImriability limits of flowing streams of mixture is d considerable practi- 
cal  interest  , but very few such observations have been nss,de. It is known that mix- 
tures may be  circuls;ted  slowly through a flame ttibe  by means of a fan  in  an  external 
by-pass withod  my  effect  on the  l imfts (ref. 20). This observation cannot be con- 
sidered  to  apply to the fast streams In high-speed  conbustors. 

A flame burning i n  a laminar stream cannot propagate qstream  against llormal 
components of the flow velocity greater than  the laminar burning velocity; i n  this 
sense, such a stream might be n o n f 7 b l e .  If the stream is turbulent , the over- 
all burning r a t e  is increase&, as described i n  chapter IV, and the flam may be 
able t o  propagate. It therefore appeare that the effects  of velocity In laminar 
atreams are of l i t t l e   p r a c t i c a l  value. The effects  of turbulence and of' velocity 
in  turbulent stream me  the  impartant ones, because the flow in  pract ical  ccmibue- 
tors is invariably turbulent and has R mzan velocity greater than  the laminar burn- 
ing  velocity. 

only a few  experiments have been made to elucidate the effects of turbulence 
on the limits. It has been reported that the  lean  l imits of methane and ethane are 
somewhat extended by a suitable emount of turbulence produce5 by a fan or by stream 
velocity; that is  , flames Kill propagate in turbulent  mixtures that are too   l ean   to  
sustain propaga.tion in   t he  quiescent  condition  (ref. 13). Eowever, the turbulence 
was not c k a c t e r i z e d ,  and in   the  case of the mfxtures stirred by a fan, it is pos- 
s ib le  that true turbulence, that is, completely random disturbances , may not have 
existed. An opposite  effect was found for p ropane -~ i r  mixtures i n  a different ex- 
periment. In this experiment , an axial rotor as long as the flame tube was rotated 
at  various speeds. Above 850 rpm, the lean l imit  w m  markedly m,rrowed (ref.  U ) ;  
no attempt was made to  characterize  the  turbulence. 

A more meaningPul experiment is the one described in reference 8 snd discuesed 
previously i n  connection with homogeneous quenching. In  that case, the range af 
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fuel concentrations  capable OP propagating a f lam w a s  narrowed by an increase i n  
flaw velocity. At flav velocities between 12 and 50 feet per second, however, the 
lean limit was extended. In the experiment of reference 8, the flow disturbances 
w e r e  due t o  pipe  turbulence; it i s  believed  that  the  fluctuations were mre l ikely 
t o  be ranbm and thus  constitute true turbulence  than in the  case of experiments 
employing fans or rotors. 

In  reference 8 it is suggested .that the m&ng of the limits with  increase 
in  velocity may be due t o  the f a c t  that turbulent  intensity also increases, so that 
the fLame zone i e  more diluted with cold unburned mixture.  Earever, a diff went  
interpretation is also possible. Karlo-tz ha8 observed the s t ab i l f ty  o f  turbulent 
burner flames stabilized on the burner p& by a small annliiar p i lo t  flame (ref. 
22). It was found that at sufficiently  high flow velocities, broken-off flames were 
obtained such that  a flatre burning in one part  of the conbuetible mixture would not 
propagate through the mixture, 'Ehe situation is roughly simtlar t o  the experiment 
of reference 8. The q l a m k i o n  given in-ref  erence. .22 is"that flame prog;agation I s  
axrested by the high  velocity  graaients  across  the fLeLme -front. 

It is not yet possible t o  draw definite  conclusions about the  effects of ve- 
loci ty  and turbulence on the flanrmability limits. Various observers have reported 
contradictory  results; it may be that a suitable  type of turbulence broadens the 
limits up t o  a certain l e v e l  of turbulent  intensities and narrows the limits at 
higher  intensities. In view of the recent wrk (ref. a), it is tentatively sug- 
gested that, i n  high-speed combustors e9loytng homogeneous fuel-air mixtures, the 
flammable range of horngeneow  mixtures is reduced by  increase in vehci ty  and tur- 
bulence. It would,  however, be =&'e t o  apply this idea t o  the case of hetero- 
geneous mixtures. 

Effects of Variables on F l b i l i t y  Limits at Nouatmospheric Pressures 

All the  flammability limits discussed  thus far have been a t  atmospheric pres- 
sure. Less work has been carried out at pressures above and below 1 atmosphere. 

The behador of the limits at  elevated  pressures is somewhat surprising, and 
hae not  been  completely  explained. For the simple hydrocarbons, ethane, propane, 
butane, and pentane, it appears that the rich  Limits extend linearly  vith  increas- 
ing  pressure a t  a rate of about 0.13 volume percent  per atmosphere increased  pres- 
sure above atmepheric;  the lean limits, on the other hand, are at first extended 
slightly, but between 1.3 and 2.5 atmospheres, they pass through a minimum concen- 
t ra t ion and are thereafter narrowed as pressure is increased t o  6 atmospheres 
(ref. 13, p.  56). 

For flammability limits a t  reduced pressures, most of the older vork indicated 
that the  r ich snd lean limits converge 88 the pressure i s  reawed until a pressure 
is reached below which no flame can propagate (ref.  13, p. 3). However, as  pointed 
out in the discussion of quenching, it has been  found that t h i s  behavior i s  due t o  
wall quenching by the tube in which the  eqeriments are conducted (ref.  5). The 
limits are actually as Kide at low pressure aa at  1 atmosphere, provided the  tube 
is sufficiently wlde, and provided an,  ignition source can. be found that Kill ignite 
the mixtures. For erample, recent work, .(refs-17) in which a 4-inch t&e was used, 
has e h m   t h i s  t o  be true fo r  gasoline vapor - a i r  mfxtwes t o  pressures less 
than 1 inch of  mercury. Consequently, the limits obtained a t  reduced pressures are 
not  generally true limits of flanuaability,  since  they are influenced  by the tube 
diameter and axe therefore not physicochemical  constants of a given fuel. These 
low-pressure limits might bet ter  be temed limits of flane propagation, and ahauld 
be accompanied by a specification of the t d e  diameter. 
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Hydrocarbon type. - Investigations have been  conducted at the m A  Lewis lab- 
oratory  to measure the  low-pressure limits of flame propagation of a large nlnober 
of fuels.  The experiments were carried out i n  a flame t a e  2 inches i n  Wter, 
using a hot  wire as the igniter.  The apparatus wae not  provided  with a plenum, so 
the flames aid not  propagate at constant  pressure; however, all the limits were de- 
termined i n   t h e  same m s m ~ ,  and the data are consistent. The resul ts   are  contained 
i n  references 14 and 23. 

It was found that both  the  lean and r ich  l imits  are v i r t u a l l y  unaffected  by 
decrease i n  pressure from 1 atmosphere t o  about 10 inches of mercury. This resul t  
is i n  agreement with  the data of figure III-8. Furthermore, the re lat ive order of 
concentrations of the limits for the  various fuels is the same as at atmospheric 
pressure.  Therefore,  table III-I, which gives  the limits at 1 atmosphere f OT sev- 
eral pure compounds, also qualitatively  describes  the  results at pressures dam t o  
10' inches of mercury. Further  decrease i n  pressure  introduces  the quenching effect  
of the w a l l s ,  and causes both lean and r ich limits t o  cmve??ge quite rapidly. The 
limits finally meet a t  a minimum pressure, below which flame cannot propagate i n  
homogeneous mixtures i n  a 2-inch tube. This minimum w a s  found t o  be about 1.3 
inches of mercury for most of the fuels investigated. 

The relative order of the   r ich  u m f t s  for a ser ies  of fuels wae not the same 
at  pressures below 6.5 inches of mercury as above tha t  pressure.  This change oc- 
curred  through a peculiar behavior of  the limit curves. s e v e r a l  typic81 examples 
for norrnal pars$fins i n  sir are shown i n  f igme 111-15. The rich side of the curve 
contains an addi tbna l  lobe; t h i s  type of pressure-limit  curve was f o d  fo r  all 
hydrocarbon fuels except methane (refs. 14 and 23). It has been suggested tha t  the 
lean  lobe corresponds to the limits of propagation of normal. flames, while the  r ich 
lobe is due t o  "cool flames" which are capable of propagating in  r ich  hydrocarbon- 
air mixtures by means of a different mechanism (ref.  23). 

Petroleum fuels. - Reference l6 reports the effect  of reduced  pressure on the 
limits of flame propagation of several  petroleum fuels. The data were obtained i n  
a closed 2-inch-diameter tube, i n  an  apparatus similar t o  the one described in   re f  - 
erence 23.  However, in   the tests of reference 16, a spark-ignition  source w ~ i s  used 
in  place of a hot  wire. In reference 23, it is state& that doubt exfsts as t o  the 
possibi l i ty  of in i t ia t ing  cool flames with a spark  source; the data of reference 16 
support this idea, for the curves a0 not show cool-flame  lobes such as those in fig- 
ure 1x45. Curves are presented in figures III-l6(a) and (b) f o r  100/130 grade 
aviation  gasoline and for  JP-3 fuel. The data were obtained at 77O t o  81° F with 
fuel-air mkbures  prepared only from the first 20 percent of vegor that die t i l l ed  
f k o m  the multicomponent petroleum fuels. Therefore, the percentages of heavy vapors 
i n   t h e  mixtures were small. It should also be noted that the previoua history of 
the fuels must have had an effect on the results, as discuased  previously in  con- 
nection  with the limits  of flammability of petroleum fuels at &tmOepheric pressure. 
In  view of the  uncertain average  molecular weight of the  cduat ible  vapors, the 
data in   f igure III-16 are  plotted  in terms of volm percent combustible i n  air. 

The fac ts  that a closed flame t a e  was use& in  these experiments, and that the 
type of spark-iguition  source  affected the results, indica& that the hts of f ig-  
ure 16 are of value msinly f o r  comparative  purposes. It i s  believed that they are 
not t rue flammability-limit data. However, it iB interesting  to  note that flame 
propagation may occur E t  pressures less than 1 inch of mercury, and the& the roughly 
vertical  portions of the  curves l i e  at fuel cancentrations ~ i r n i l a r  to the kue fm- 
mability limits at 1 atmosphere of pure normel paxaffln fuels i n  the butane-heptane 
range. 
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Limi t s  of flame propegation. - The significance of the observations  discussed 
in   the foregoing  sections must necessarily be  considered in terms of the emerimen- 
tal conditions. The true limits of flammability, which are physicochemical con- 
s tants  of the fuel a t  a given  temperature and pressure, are not affected  by the size 
and shape of the  vessel or by the  igniter. As haa been pointed out, measurement of 
these  true  flammability limits has been  confined  mainly t o  atmospheric  pressure, 
because a t  lower pressures the quenching influence of the mils occurs. The l imits 
a t  lower pressures  are  therefore  properly termed limits of flame propagation, and 
may be related t o  quenching distances. That is ,  limits of' flame propagation a t  low 
pressures occur in mfxtures that axe actually flammable, and, in   suff ic ient ly  large 
vessels, it appears that flame rnay propagate i n  these mixtures down t o  very low 
pressures. 

In  addition, it is not yet certain that true limits of fJammability may be mea- 
sured i n  any but homogeneous mixtures of fue l  vapor  and air ,  because of the dif'fi- 
culty of defining  precisely  the phyEIical s t a t e  of heterogeneous  mixtures of l iquid 
and vapor fuel with air. 

The limits of flame propagation a t  reduced pressure have already been d i s -  
cussed, and the  relation to quenching has been described. The true limits of flam- 
mability, determined for homogeneous mixtures a t  atmospheric  pressure, remain t o  
be considered. 

True f l amab i l i t y  limits. - If a flame is t o  propagate  through a mixture, it 
is evident  that each layer of fresh gas just  ahead of the flame must be ignited so 
that the flame overtakes it just  &B the chemical react- of combustion reach  the 
s ta te   character is t ic  of the flame. It is therefore  reasonable that the  true limits 
of flanmKbilitg should occur a t   f u e l  concentrations such tha t   Jus t   sdf ic ien t  energy 
is transmitted from the flare to *e gas aheadto allow t h i a  continuous ign i t ion   to  
take  place.  Dilution of the limit mixture by fue l  a t  the rich limit, or  a i r  a t  the 
lean liqdt, would upset the  balance, and flame would propagate only i f  aided by some 
exterm energy  supply such as the ignition  source. 

It w a s  pointed out previously that diffusion or active  particles and conduction 
of heat f r o m  the fLame  zone t o  the cold gas are probably both  important in   the  proc- 
ess of flame propagation. It is not yet established which of these two mechanisms 
will be more successful  in  explainfng the observed conibustion phenolaena. RegarKLess 
of the mechanism of energy transfer,  however, it is  log ica l   to  expect that the limit 
concentration should be related t o  the amoullt of chemical  enthalpy  (heat of com- 
bustion)  availsble  in  the mixture for t ransfer   to   the &urned gas. This  expecta- 
t ion  is experhentally  verified, a t  leas t  in the  case of the lean f'lnmrrmhillty lim- 
its of hydrocarbon fuels. On the average, it is found that lean-limit  mixtures of 
most hydrocarbons have a combustion heat  release of u3.4 kilockloriee per mole of 
fuel-air mixture (ref.  14). Also, Egerton and Parling  (ref. 2 4 )  have sham a very 
striking correlation between the heat of coldbustion of the fuel and the  rectprocal 
of the  lean-limit  concentration  (ref. 10, p. 334). Similar comelatiom between the 
heat of combuetion and the- r ich  flammability limits have not been so succeseful. 
H m v e r ,  it ha8 been  found that the  calor i f ic  values of rich-llmit mixtures are ap- 
proximately the same for  several hydrocarbon fuels ( ref .  15, p. 12). The aame gen- 
e r a l  i & a B  of f l8mEhil i ty  limits may therefore  apply t o  both r i ch  and lean limits. 

!Fhe foregoing  discussion  implies that there may be a chsracterist ic tempera- 
ture  associated  with  the  limit flames of each fuel. It will be r e c o d  that  in- 
creased i n i t i a l  mixture temperature widens the I lmi ta ,  80 that the heat of combus- 
t ion per mole of mixture i s  decreased, If there is a characterist ic limit flame 
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temperature, the decrease i n  heat of combustLon should be just balanced  by the gain 
i n  heat  content due to   t he  higher ini t ia l .  temperature.  This is found t o  be approxi- 
mately true for  several  hydrocsrbons , and may explain the linear dependence of lim- 
its of f”.lity on i n i t f a l  mixture  temperature that is usually observed (ref. 
w, p. 12). 

The general  ideas of flamnability  limits  discussed have not as yet been im- 
plemented with a useful theory. The theoretical  approach of Levis and von Elbe 
(ref. 10, p. 369’) has not led to  a means of calculating  the limits f r o m  basic physi- 
cal  and chemical properties of fuel-air mixtures. The ideas exgreased i n  reference 
25  have been somewhat more successful. In  t h i s  work, it is pointed out, both on 
the  basis of the thermal  theory of fLame propagation of Zeldovich and from experi- 
mental eddence , that the burning  velocity does not fall t o  zero in a limit .mixture. 
Consequently, there must be 8ome factor  that  prevents  the  propagation of slower 
flames i n  mixtures m r e  dilute than the llmit mixt;ures. It wae suggested that t h i s  
factor is the loss of heat due to radiation. The radiation  in  question is chiefly 
infrared. On the  basis of necessarily crude calculations, which  were not  described 
i n  detail in  the  reference,  it was estimated that radiation malres it impossible for 
a flame t o  propagate i n  carbon  mnoxide  mixtures at a velocity less than 0.065 foot 
per second. The lean limit of carbon monoxide i n  afr was calculated  to be beween 
10 and 13.5 percent carbon monoxide by volume, and the  r ich  l imit  between 81 and 
87.5 percent. These figures may be compared with those of reference 13 , which gives 
the limits as 12.5 and 74 percent,  respectively. The agreement is quite striking 
i n  this case; 8.0 far as is knm, the  theory has not  been  extended t o  other fuels. 
In view of the fact that data on the absolde  energies emttted as infrared radia- 
t ion  from gas mixtures a t  elevated temperatures are required for  the  calculations, 
it would appear that a full evaluation of this theory would be a d i f f i cu l t  task. 

IGNITION 

Ignition of gases is usually  considered  the  process of producing a propagating 
flame i n  a conibustible  mixture.  There are many method8 used to generate this 
flame; the  following are discussed i n  the succeeding sections:  heated  surfaces, 
flames, hot gases, chemical methods, shock waves, capacitance sparks, ana induct- 
ance sparks. The information available on most of these methode is too volduoua  
t o  permit detailed  discussions of apparatus and results i n  this report , hence, only 
perfunctory  descriptions of apparatus Kill be given and only  the more inqortant 
trends will be discussed. 

As an aid i n  understanding the eucceediug  discussion of the  ignition  process 
the following definitions are off‘erd: 

(1) Ignition temperature:  he ignitfon tempeatme is defined as the larest 
temperature at which the  heat lost fromthe gas ia overbalanced  by the  heat gen- 
erated  by chemical reaction. A t  thts temperature, the rate of chemical reaction 
increases and r e su l t s   i n  the temperature  being  fncreased t o  the flame temperature. 
However , when it is desired t o  determine ignit ion tenqeratures, it becomes neces- 
sary t o  employ various types of apparatus which i n  themselves do not give the true 
temperature of the gas but rather a temperature of part of the apparatus. Hence, 
teqeratures  reported  hereinafter  for various ignit ion methods are equipment 
temperatures. 

(2) Ignition m t s :  Ignition  l imits of a e u r e  are those proportione of 
fuel i n  air or oxygen that are just  capable of permitting flanre i n  a portion of the 
mixture for a specific ignition method. Because ignit ion is considered as the 
process of in i t ia t ing  a propagating flame, ignition is limited by the limits of 
flammability  previously  aiscussed. 
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Ignition by Heated Surfaces 

The most important methods used t o  obtain  basic data on surface  ignition tem- 
peratures of fuels are: (1). cruc:ble  methods, static and dynamic; (2) heated BUT-  
faces of various  geometries; (3) adiabatic campresaiotiKifSthod, . . . . . . . . and (4) bomb method. 

.. .. . - 

The crucible methods e-ve beg-. the  -qnes most widely used to  obtain  ignit ion 
temperatures of l iquid fuels, In   t h i3  .%-€hod, a &op of fuel is  drapped through an 
opening into a heated contatner  containiqg  either  quiescent  or  flowing air or oxygen 
(depending upon whether s t a tk  OT dynamic t e s t e  are t o  lie maae) . The crucible tem- 
perature and ignition lag are detGmheiL'at the  instant  the drop bursts  into flame. 
The diaadvantages are that the mixture composition--is not  obtained and that  the  heat 
of vaporization m u s t  be supplied by the  &ucible. !I%e"f@itrofi-teii@eFature i s  the 
surface  temperature of the crucible. This  raetzIDd has been derived f'r& =tho& de- 
scribed in  references 26 and 27 and yields  ignition teeratures .which are among 
the lowest found in  the  Uterature.  

.- - . ,. ~ . . 

The  dynamic heated-tube method (ref. 28) utilizes  concentric q u a r t z  or pyrex 
tubes i n  which the flammable vapor and supporting atmosphere are flowing and m e  
separately heated. The flammable  vapor is metered into the =@;e tube  containing 
the  supporting atmosphere by means of a 6raal.l orif ice  i n  the- end of the small. tube. 
The measured ignition temperature 'is the' mixture  temperature at which flame  appears 
after a measured time lag. The mixture c w o s i t i o n  is controllable in Chis method. 

. .  . .  . .  

The adiabatic-compression method "6 originally develqed  by T i z a r d  ana Pye 
(ref.  29) t o  eliminate the  effects of the surface on ignition temperature. The ap- 
paratus was constructed with a piston that moved foruard very rap la ly   to  ccmrprese 
a volume  of fuel-air mixtufe in a cylinder;  the  piston was locked at the end of the 
stroke. Reasonable calculations showed .$hat the time requFred f o r  any appreciable 
heat lose from the gas t o  the  cylinder walls was much greater khan the observed ig- 
nition lags. The ignition lags depend *on the temperature reached In the cqmgres- 
sion process;  the temperature i a  calcuia3ed from the coiug~ession ra t io ,  as deter- 
mined from a pressure  record. 

The original  intention of Tizard and Pye, that the ignition temperaturee ob- 
tained by the adiabatic-coqression method should be those  for homogeneous gas- 
phase ignition, does not appear t o  have been fulfillea. The experiments of r - 
ence 29 s h m d  that, although the ignition lags were only of the order of LO' P 
second up t o  a f e w  tenthe of a second, eignificant heat transfer t o  the cylinder 
walls occurred. ana von E B e ,  i n  .a discussion -P the d~iabatic-compression 
method, point out  that all experimenters have found it neceseaxy.to  condition  the 
walls of the  reaction chamber in..order $0 obtain  consistent  re~iulta  (ref. 10, p. 
162). This fact  plainly  indicates a wail effect  on %he-3&CKt33n-temperaturee. 
Furthermore, strong evidence for a wall effect  has been obtained i n  photographs 
taken through the end of the compression chamber f i t t e d  with E window; the  pictures 
show that  luminous epots ap&m f i r s t  at- the %ace of the cylinder and grow in- 
ward (ref. 10, p.  163). nus, i g n i t i o n   a d i u t e l y  does not occur u n u o w y  through- 
out  the  coqressed mixture. Far these reasons, it appears that the adiabatic- 
compression method, like the  other methob under discussion, give6 eome s o r t  of 
apparatue  temperature rather than an absolute  ignition temperature. 

The bomb method (ref. 30) ut i l izes  an evacuated chamber heated t o  a known tem-  
perature. The Il8m.mabl.e mixture is introduced  into the.chaniber and time Lag meas- 
ured. The  chamber has possible +talytic effects, a d  m o r s  may rn.6LiL-t becauee of 
the fact that the mixture must be heat&  before ignition can occur. - 
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Data from a l l  these methods cannot be compared because of the difference  in 
experimental  apparatus and technique. However, data from one source can be used t o  
show the trends of different variables. 

Mixture coqosit ion.  - The effect of mixture  composition on the surface igni- 
t ion  temperature of electrically  heated  nickel  str ips (ref. 31) is shown i n  fig- 
ure 111-17. The approximately linear relations show that the ignition temperature 
increases as the  percentage of fuel i n   t he  fuel-air mixture  increases and as the 
s t r i p  width decreases. This trend of increasing  temperature  with  increasing  propor- 
tions of fuel does not  hold for all fuels. Figure III-ls(a) s h m  that ,  for some 
hydrocarbons of the  paraffin series, the temperature decreases  with  increasing fuel 
proportions (refs. 30 and 32),  although it might, be  expected tha t   the  curves Ki?l 
eventually turn  back ~q? at richer mixtures. Gasoline shows a trend similar to the 
paraff in   hydroc~bons (figs. III-18(R) and (b)).  

A fuel may exhibit two ignition  temperatures a t  certain oxygen-fuel r a t io s  
(ref. 33). For example, figure III-19 shows the  ignition  temperatures for =-octane 

2,2,4-trimethylpentane as 8 function of oxygen-fuel ra t io .  For the case of 
2,2,4-trimethylpentane, the temperature gradually decreases with  increasing oxygen- 
fuel ratio.  However ,  w t t h  t h e   n a t a n e  fuel and, f o r  exznple, an  oxygen-f uel r a t i o  
of 8, an ignition  region is found between 469 and 6050 F, a nonignition  region be- 
tween 605O and 8650 F, and another  ignition  region above 8650 F. Efence, there are 
two t y p e s  of ignition: (1) a low-temperature ignition that is substanti- con- 
stant  regardless of fuel concentration, and (2 )  a high-temperature ignition that is 
affected by f d  concentration. The r e m y  ignited hydrocarbons, such as cetane, 
heptane, decane, and decahytironaphthalene, exhibit zones of nonignition above the 
minimum ignition temperature (ref. 34). . R e f  ereme 35 shows that mixtures of air 
and straight-chain  paraffine  containing three or mre carbon atoms ea ib i t  zones of 
nonignition.  Oxidation-resistant hydrocarbons such as benzene, toluene, and 2,2,4- 
trimethylpentane  exhibit no zones of nonignition. The phenomena of zones of nonig- 
nit ion may be due t o  chain-making and -breaking mechanisms. 

I m i t i o n  lag. - The ignition temperature of a f a b l e  depends upon the time 
interval between the introduction of the flammable to the ignition  source end actual 
appearance of flames, Figure 111-20 shows the effect  of this lag on the ignit ion 
temperature of a gasoline-oxygen mixture (ref. 36). The temperature decreases al- 
most hyperbolicaYy  Kith  Increasing  ignition lag. The minimum ignition  temperature 
i a  reached wben the temperature no longer decreases with increasing lag. This 8- 
trend is observed with  other f u e l s  and other  types of ignition  source  (except 
sparks). 

The importance of ignit ion lag i n  ignition by heated surfaces is indicated  in 
f-e 111-20. The times shown are unreasonably long compared with  the  residence 
the of a fuel i n  a combustion chamber. Tfieref ore, for such applications, the sur- 
face temperature must be ~ k e d l y  increased a c  else some means provided to prolong 
contact between fuel and surface. 

Heated spheres and rods. - Heated spheres  shot  into the cdus t ib le  have also 
been used e8 ignition sources, with the  results shown i n  figure In-21.  Ignition 
temperature  decreased as the diameter of the sphere  increased because of the greater 
surface  area. In t h i s  study (ref.  37),  the  criterion for set t ing up a theory was 
that the rate of heat  generated  by  reaction should be greater than that Ioat  by 
conduction. It is sham that for a specific sphere velocity, 
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E apparent  energy of activation 

K constant 

R gas constant . . .  . .. 

r sphere  radius 

T heated  sphere  temperature 

TO mixture temperature - 

Because of the  ignition  criterion that coneidered heat losses by conduction 
only, the equation does not  contain  any-factor  relating  to the duration of contact 
of the fuel with the ignition source. . 

. " . 

Heated rodB have  been web BB ign i t ion   smcea  far high-velocity gas st ream 
(ref. 38) as sham  in   f igure III-Z2(a). . H i g h  mixture velocities correspond t o  
shor t  ignition l a g s ;  thus, the ignition temperature of a flammable mixture in- 
creases with  increasing  velocity of the mixture. These data have been correlated 
(fig. III-22(b)) i n  accordance with the f o l h w l n g  equation: 

where 

C ,K constants 

d heated rod diameter 

E energy of activation of mixture 

R gaS COUSt&Ilt 

T heated  rod  temperature 

C" 

I 

To flaring mixture temperature 

U velocity past heated rod 

Turbulence. - D a t a  on the  effect of turbulence on ignition axe not extenaive 
and t h e   l i t t l e  information that is available does not  include  quantitative measure- 
rents of turbulence. Reference 31 sham  that m i l d  turbulence  decreases  the  igni- 
t ion temperature; however, an opposite  trend is reported  in  reference 32. In  ref" 
erence 32, the  ignition temperature m increased  approximately 300 F by s t i r r ing  
the m i x t u r e  ( f ig .  111-23). 

Surface  condition and conposition. - The condition of the heated surface m y  
affect  ignition in that the scale  or ash forms an  insulating  coating which require8 
the whole material t o  be  heated t o  a mch  higher  temperature for ignition  than would 
otherwise be necessary. A gaa film (e.g.,  absorbed water or caxbon dioxide vapor) 
may act   in   the same nranner. 
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The composition of the  ignition  surface  affects  the  ignition  temperature  (refs. 
31 an& 39) of f-le mixtures.  he effects  of various surfacee ere shown i n  
figure 111-24. Differences shown for the  various  surfaces  are  probably due to 
thermal  conductivity,  catalytic  activity, or oxidation  properties. Except for 
molybdenum and platinum, the  surface  temperature  increases with the amount of fuel 
in   the mixture. Molybdenum oxidizes  rapidly a t  these fgnition  tempratures which 
probably  explains the trend  opposite t o  other metals. Platinum is catalyt ical ly  
active and the  resul ts  may be expLsined on that basls. W i t h  platinum, a reaction 
of fuel and  oxygen takes  place  with  liberation of heat at the  surface.  This  heat 
efYects the temperature  gradient  in such a nmnner that less heat flow from 
the heated surface,  thereby  inhibiting  ignition. The r a t e  of the  catalytic  reac- 
t ion  a t ta ins  a maximum at stoichiometric  mixture composition, causing the heat flow 
from the surface to be minimum. Therefore, t o  compensate for the smaller heat flaw, 
it is necessary to raise the surface temperature higher i n  ark t o  obtain  ignition, 
as  shown by the peak in  figure III-24. 

This effect  of type of surface upon the  ignition temperature depends upon the 
per t icuhx method of ignit ion used. For example, reference 40 shm that i n  the 
dynamic-borrib  me'thod of ignit ion chaz@ng the metal surfaces has s ~ a t a n t i a l l y  PO 
effect on the  ignit ion temperature. QLsss surfaces,  harever, ignite f l andb les  at 
lower temperatures (ref. 41). 

Surface area. - The effect  of increasing  the  surface  area of a heated plate  
(ref. 32) is shown in   f igure  III-25, i n  which an increase in   a rea  lowers the  igni- 
t i o n   t e q e r a t w e .  Increasing  the &rea from which heat may be  transferred  increases 
t h e   m u n t  of heat  output and correspondingly lmrs  the ignition  temperature. The 
CUTE appears tc approach a minimma temperature below WhFCh it is impossible to ob- 
tain  ignit ion  regardless of area. 

Small wires can cause ignit ion when heated e lec t r ica l ly  to incandescence. In 
the  case of platinum, d i f f icu l t ies  are caused, hawever, by c d u a t i o n  without flame 
that takes  place on the  surface of the wfres. This conibustion  causes the wire t o  
have a temperature  higher than &en surrounded  by a i r  instead of a flemueble mix- 
ture.  The mixture near the wire becomes heated and convection  currents  are  set up. 
Ignition of the mixture  occurs o n l y  if the heated  portion of the mixture remains i n  
contact with the wire f o r  a period  corresponding t o  a time greater than the  ignition lag. This  convective effect  is greater  with  stoichiollletric  mixtures  (those that 
have the  highest  thermal  energies) and consequently resulks in higher ignit ion fem- 
peratures a t  these  mixtures. 

The limiting minimum diameters of heated Kires  capable of ignit ing methane-air 
mixtures are  approximately 0.0079 and 0.0355 inch for platinum and iron wires, re- 
spectively  (ref. 42).  For smaller wires it is assumed that a layer i8  formed on the  
wire by  oxygen molecules and sufficient heat a n n o t  be  conducted through the hyer. 

Heated par t ic les   ( f r ic t ion and fusion sparks) can cause ignition under certain 
circumstances. However, i n  general,  they are ineffective  ignition sourcea and have 
little pract ical  importance i n  high-speed conhustors. 

Fuel composition. - Variations in   mlecular   s t ructure  and molecular  weight 
effect the ignition temperatures of f7nmntable mixtures t o  R large degree, as shown 
i n  references 43 and 44, both  using  crucible methods. Ignition  temperatures for 
more than 100 organic  liquids  are  reported i n  reference 43 and for 94 pure hydro- 
cerbons and 15 commercial f lu ids  i n  reference 44. Portions of these data are 
p lo t ted   in  figures U;I-26(a) and (b),  &ere spontaneous ignition  temperatures are 
shown as functions of the numiber of carbon atoms per mlecule for s e v e r a l  types of 
compound. These figures show that the laxest molecular weight compounds have the 



111-26 NACA RM E54107 

highest  ignition  temperatures and that, for a given nuniber of carbon atom,  the 
n-paraffins and :-olefins have substantially lower ignition temperatures  than do 
Cranched paraff in8 and aromatics. 

Ignition  temperatures  for several a i rc raf t  fuels and lubricants are   l i s ted   in  
the following table. These data ware taken from reference 44 and from uqublished 
NACA work i n  which a crucible method, substantiaI.lg  the same aa that of reference 
44,  m e  used. 

Fllel o r  l d r i c a n t  

~~ 

100/130 G r a d e  aviation  gasoline 
Law-volatility  aviation  gasoline 
U n l e a d e d  62-octane m t o r  gasoline 
Grosene 
Grade JP-3 Jet   fuel  

Bample A 
Sample B 

Grade JP-4 Je t   fue l  
Grade Jp-5 Jet  fuel 
Sample A 
Sample B 

f3AE No. 10 lube oil 
BAE No. 60 l a e  o i l  

Spontaneous 
ignit ion 
temperature, 

OF 

844 
900 
56a 
480 

484 
502 
404 

493 
477 
7 20 
770 

The ignition  temperatures  for the Jet fuels are among the lowest  found for 
hydrocarbons. 

There is no exact  relation between octane number and ignition  temperature, 
but  references 39 and 45 indicate that ignition  temperatures of unleaded fuele 
generally  increase with increasing  octane nlmiber. Data from references 34, 41, 
and 46 show that the  effect of decreasing fuel q d i t y  o r  cetane rider is t o  in- 
crease  the  ignition  temperature ( f ig .  IIS"27). Addition of tetraethyl- lead a l s o  
increases me ignition temperature (ref.  34). 

Pressure. - The effect  of pressure on the  ignit ion temperature of methane-air 
mixLures a s  determined by a dynamic heated-tube method is ahom in  f igure  III-=(a) 
(ref. 28) and its effect  on the bonib-ignition  temperature far four liqufd hydro- 
carbons i s  sham  in  figure  III-28(b) (ref. 47). Ignition  temperatures  decreased 
continually  with  increasing  pressure over the  pressure range  investigated, which 
w a s  t o  30 atmospheres in  reference 47. The effects of increasing  pressure on 
crucible-method ignition temperatures are shm. i n  the following table for JP-4 
and JP-5 fuels (unpublished NACA data): 

Pressure,  Ignition I a t m  1 t e q p T t u r e ,  I 1-1 
378 408 
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A considerable  decrease in   igni t ion temperature Fs seen when pressure is increased 
from 1 t o  5 atmospheres. Further  increases t o  9 atmospheres had l i t t l e  effect .  

Diluents. - The effect  of adding  dLluents t o  flanuable mktwes  is  to increase 
the  ignition  temperatures, because the amount of oxygen is  correspondingly  reduced 
(ref.  33). However, in   the  law-temperature type of ignition  previouely  described, 
the  effect  of diluents is negligible,  the  ignition  terqerature remaining  Slibatan- 
t i a l l y  constant. 

Ignition  by Flames 

The energy  required to i n i t i a t e  the chemical reactions  characteristic of a 
propagating flam may be supplied t o  a fuel-air mixture by meam of f1-s 
seprate situations may be considered: 

(1) A pi lo t  f m  is  immrsed in  the fuel-air mixture. Whether or not the mix- 
ture wlll be ignited depends upon the mixture camposition,  duration of contact be- 
m e n  flame and mixture, size and temperature of the flame, pressure,  turbulence 
level,  and the nature and amount of diluents. 

(2) A flame is propagating i n  one portion af a fuel-air mixture,  separated frm 
a second portion by a constriction.  mether  or  not  the flame will pass W o w  the 
constriction and igniix the second portion depende on the-  factors that govern flame 
q u e n c h i ~  by walls. Among the important variables are the pressure,  temperature, 
mixture  composition, nature and amount of diluents, an& the s ize  and -e of the 
opening  between the two regions of con&ustible m u r e .  

There is no extensive  rellsble  Hterature on ignition by f-s, nor have all 
the variables mentioned  been studied. The succeeding sections describe sane of the 
important. f ac t s  tbst have been established. 

P i lo t  flames. - Two basic  sets of experiments have been  conducted on the  igni- 
t ion  of homogeneous fuel-air mixtures by means of immersed flames. In  both  cases, 
methane was the fkCL and the methane-air mixtures were quiescent. The tsqh=rimental 
technique  involved exposure of the mixture t o  a emall p i lo t  flame fo r  VBlYing short 
intervals of time by means of a shutter, and the shortest  contact time that per- 
mitted  ignition m s  measured. The work is  described by Morgan i n  reference 4 
b n  

The first experiments established the minimum contact times for   igni t ion BB a 
function of methane concentration  in air fo r  p i l o t  flames of various lengths. The 
results are sham in figure III-29. Mixtures s l igh t ly  richer than stoichiometric 
could  be ignited with the  shortest  contact times, and increasing the length of the 
pi lo t  flame reduced the time required. The flame temperature was the s8me i n  all 
cases;  thus, an increase i n  heat-release ra t e  Bppears t o  improve the  incendivity of 
pi lo t  flames. The other  interesting  result  of this Kork is the very short contact 
times required. A flame 0.59 inch long was capable of fgniting a range of =thane- 
air mixtures  with  contact times of only 0.003 t o  0.004 second. 

In the second series of experiments, the  aize of the pi lot  flame waa kept con- 
stant,  but  the  temperature was varied  by  adjustment of the m u r e .  In t h i s  way, 
it was found that the minimum contact time for ignit ion of methane-air  mlxtures  by 
a p i lo t  flame burnin@; a t  3 2 l 9  F was only about one-sixth the time required with 8 
flame at 2770a F. 
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These two sertes of tests therefore:established  the importance of both  pilot 
heat and p i lo t  flame temperature in  the  ignit ion of quiescent mixtures. 

Propamting flames through constrictions. - It is apparent from a previous 
discussion of flame quenching by walls that, if  the quenching distance is known, the 
possibil i ty of a flame propqating in OF portion of a mixture passing through a 
constriction and igniting a second portion can be .determined. All evidence indi- 
cates that, if the flame succeeds in  passing through the  constriction,  Ignition of 
the second portion is automatically  insured. It is therefore  appropriate  to con- 
sider the factors  that   affect  quenching distance in connection with t h i s  type of 
flame ignition; see FLAME BusNcBIlJG. 

. .  

Ignition by Hot Gases 

Ignition by hot gases generally  applies t o   t he   ca se   i n  which fuel  is  injected 
into  hot air. The mixing process is an esserrtial part of the sequence of events 
leading to   igni t ion.  In addition,  the cllemical nature and physical state of the 
fuel, and the temperature, pressure, and  composition of the hof gas nil1 influence 

" 

ignition. . .  

Ia this  section, some of the factors governing ignition of fuels injected  into 
hot air streams  are-discussed. The cri terion for ignition  in  these  cases is the 
appearance of flame. Oxidation fs accelerated by increased temperature ; therefore, - r-- 
the time lag, or ignition lag, from the  instant of fuel inject ion  unt i l   the  flame 
appears I s  a function of the air temperature. In addition, some of the experiments 
showed that the  relative amounts of fuel and afr affect   the temperature requlred  for 
igni t ion  af ter  a given  ignition lag. It i s  therefore evident that it is meaningless 
t o  quote an ignition temperature for a fuel, unless the fuel-air r a t i o  and the time 
lag  before  ignition are also specified. 

. .. - "  
.- 

F . .. 

41 
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One of the major diff icul t ies   in   the measur-& of euch Ignition  taqeratures 
is that a mixing process is superimposed on the results. In  the  older work, the 
fuel  concentration v a r i e d  from point t o  point in the apparatus, and there was no 
attempt to determine the  concentration at the  point where flame first appeared. I n  
addition,  there XBB &ten a chance for the fuel t o  undergo thermal  cracking because 
of prolonged contact with hot  surfaces  before it w a s  introduced  into  the air stream. 

Conseqyently, ideal ignition exgeriments of t h i s  type should be free of s u r -  
face effects, and mixing of the  fuel and air should be nearly instantaneous, or 
else  the effects of mixing should be determined. Even W these requirements are 
met, however, the experimental  techniq- s t i l l  a f ec t s  the results; this   point  is 
discussed more fully i n  a folluwing section. 

Two types of recent  experbent are aiscuased: 

(1) Injection of gaseous fuel into hat a b ,  wlth v e r y  rapid mixing 

(2) Injection of gaseous or l i q d d   f u e l   i n t o  a stream of air p l m  hot products 
of' combustion from a "slave" burner, w i t h  no special  attempt t o  secure 
rapid mixing 

Heated air. - A spontaneous-ignition a m a t u s  that overcomes some of the ex- 
perimental  objections t o   t h e  measurement of ignition  temperatures has been designea 
and used t o  study  the  ignition of propane by hot sir (ref. 49). The  work so far has 
been limited  to  the ef'fects of propane and oxygen concentration a t  1 atmosphere 
static  pressure. 

I . 

c 



W A  F& E54107 - III-29 

. 

. 
c 

c 
I 

.. 
'* 

't 
a . 

The propane and the air were very rapidly mixed i n  a specially designed cham- 
ber; the mixing time with  the low flow rates used ma 6X10B3 second o r  less. Con- 
sequently, it is  believed that no significant  thermal  cracking of the - occurred 
before it waa mixed wlth the air. The mFxrture waa &owed t o  flaw tqward in a 
glass flame tube, and the  ignit ion lag was measured by means of a photocell that 
responded t o  l igh t  f r o m  the flame, or by a pressure pickup that recorded a pulae 
when ignition  occurred. By mans of several electric  heating elements,  conditions 
were controlled so that   the mixture, mixing chamber, and flame tube were all the 
same temperature. The flame tubes were 36 inchea long, and 1 or 2 inches in 
diameter. 

The results did not depend appreciably on the flame-tube diameter (ref. 49). 
There was, however, an effect of flow rate: curves of ignit ion lag against flow 
rate, a t  constant  temperature and propane concentration,  shored minimums for  igni- 
t ion lag. The flow ra te  corresponding t o  the minFrmun lag shifted to higher valuzs 
for r icher   dxturea.  

Nevertheless, the data of reference 49 defini te ly  sbaw that ignition lag de- 
creases as propane concentration  increases. Typical data, i n   t h e  form  of a log- 
arithmic  plot,  are s h m   i n  figure III-30. The ignition lags vary f r o m  0.3 t o  8 
seconds, over a range of propane concentrations of 3 t o  40 percent by volume, and 
a range of temperature f r o m  1014O t o  1360' .F. The straight l i n e a  of figure III-30 
show that the dependence of ignit ion  lag on propane concentration may be expressed 
by the following equation: 

where 

b constant 

LC&] propane concentration 

t ignition lag, sec 

The value of the exponent b may be determined from the slopes of the   l ines  of 
figure 111-30. These slopes have  an  average value of -0.93, 50 that the exponent 
b i n  equation (10) nray be  approximated by  unity. 

Reference 49 also describes experiments inwhich  the oxygen concentration was 
varied  independently of the propane concentration. In this way, it was found that 
there is a slight dependence of ignit ion lag on oxygen concentration. The f o m -  
ing  equation  expresses the conibined effects  of propane and oxygen concentrations on 
the ignit ion lags at a given  teqeratime: 

l/t = Constant[C3Eg3 [Od g4 
Reference 49 showed that the temperature dependence of ignit ion lag is  not of 

the simple  Arrhenius  type; the data indicate that the  activation energy is not con- 
stant over the range of temperatures studied. However, the  ignition-lag data could 
be reasonably w e l l  egressed  (within 30 percent)  by the following equation, ?-&it91 
accounts for  all the  miable6  studied: 

t[~~q[o231/~ = 0.030 + 5.4x10'9 escp(26100/T~ 
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where 

[c&, [ OJ concentrations i n  mole fractions 

T temperature, OR 

The preceding experiment i s  subject  to.  apparatus w i a b l e s  that appear t o  be 
iEwle, even though same of the objections  to  the measurement of Bpontaneoue 
ignition temperatures- have been removed. If the  essential  processes are aseunaed t o  
take  place in   t he  gas phase, ignition cannot  occur until the rate of beat  release 
from the reignition  reactions..  (or  perhaps  the  rate of production of certain  active 
particles7 OvercOmes the  ra te  of loss   to   the  pralls of the   tes t   eect ion and t o  the 
air or inert gas that precedes the  fuel-& laixture through it. Such a transfer 
mist occur  even  though the w a l l s  are maintained at the same tqera ture  as the en- 
tering stresm of mixture, for the oxidation reactions release heat even before igni- 
t ion  takes place, so tha t  the temperature of the stream rises as it progresses 
through the flame tube. Consequently, gradients i n  tempemture and in  concentration 
will exist between the  center of the tube and the xalle, and & diameter of the 
test section should have some effect  on the  results.  The material of the walls 
might a h o  be of som importance. In addition, the flow rate should affect   the  ig- 
nition lags a t  a given  spontaneoq  ignition  temperature,  since it influences  the 
heat  transfer  to  the walls. Similar  considerations  apply if processes a t  the wall 
are assumed t o  be controlling. There i s  also the   possibi l i ty  that both  gaa-phse 
and surface reactions  are finport;&, perhapa i n  differeut ranges of concentration 
md temperature. 

It i s  sham i n  reference 49 that some .of the   resu l t s  can be qualitatively ex- 
plained  both  in terms of gae-phase reactions, using a. readion mechanism based on 
low-temperature oxidation studies, and i n  terms of a postulated  surface  reaction 
between adsorbed oxygen  and propane. I n  the latter case, it uould be expected that 
the ignit ion l a g s  should depend upon the diameter of the flame tube; however, a s  
has been pointed  out,  there w w  l i t t l e   M F r e n c e  between the  ignition Lags measured 
in 1- and 2-ipch t&es. Reference 49 suggests  that  the  explanation may l i e  in tlie 
fac t  that, whereas the smaller tube  wlth its Larger surface-volume r a t i o  gives 
greater  concentrations of reactants per  unit v o l m  of gas, the smaller tube also 
provides R larger relative  area  for loss of heat or destruction of active  particles.  

Concernlng the other  variables,  the data of reference 49 show that igni t ion 
kg dependa upon flow rate. poesfble  effects of waU. material were not in- 
vestigated. It appears t o  be iqoseible  to  eliminate  these variables entirely. 
Until their separate  influences are quantitatively understood, it KLIl be very dif-  
ficult t o  assign fundamental significance to measurements of spouttineow ignition 
temperatures, that is, t o  we the meaeuremnts as a means of fnveetigating the basic 
chemical. reactions that l ead   to  spontaneous ignition. 

Recently,  studies  Kith propane fue l  have been conducted in a different -a- 
tua over a higher range of spontaneous ignition  temperatme6  (unp~ibliehed HACA data). 
Ignition l a g s  from 7 t o  50 milliseconds were measured at tenperaturea f r o m  13760 to 
16000 F. Hot air wae passed  into an unheated  duct f i t ted  wlth a movable water spray 
near the exhaust end. The water flow was adjusted so tha t  all of the water i a a  mt 
vaporized mder the  conditions of the   tes t .  Propane v a s  introduced into the stream 
from the end of a coi l  immersed in the incoming sir; therefore,  the fuel d x e d  with 
the air a t  essentially constant  teqertr+ure.  Ignition wae detected  by a shsrp in- 
crease in the exhaust temperature, and the  ignition lag could  be  vaxied by changing 
the  position of' the  xater quench. The resul ts  did not  appear to depend upon the 
flow rate.  The ignition-lag - sl?ontR~ous-ignition-te~erature data followed an 
Arrhenius type of relation;  the  apparent  activation energy wae about 43 kilocalories 
per mole. 
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Vitiated air. - Mullins (ref. 50) has provided some data on short  ignition 
l a g s  obtained under rather  specialized  conditions. The objective was t o  simulate 
the si tuat ion  in   curent   types of turbojet combustors. In t h i s   m e ,  no flame 
holders are provided in the conbustors, and the fuel must be ignited  by  spraying 
it into a primary zone of air  plus  hot  products of combustion introduced  by  recir- 
culation from the flame zone. I n  the apparatus described i n  reference 50, the air 
w&8 heated  by  addition of the  hot exhaust from a "slave" combustion situated 
upstream of the test section. The fuel was injected t h rough  a nozzle; both vapor 
and l iquid fuels w-ere studied. The ignit ion lag was determined from the known f M  
ra te  and a measurement of the  distance from the nozzle t o  the point at which the 
spontaneously  ignited flame stabilized i n  a gradually tapering diffuser damstream 
of the  injection nozzle. - 

Such an  experiment must be sribject t o  the effects  of evaporation, mixing, 
drop-size, drop-size distribution, and turbulence. I n   d d i t i o n ,  the air sqpply is  
vltiated by the added co&ustion  products, so that the oxygen concentration varLes 
below 2 1  percent, as a function of the temperature  required in   t he  sir stream. 
Mullins has attempted t o  account for many of these  effects in reference 51, which 
describes  the  results of studies on the ignftion lags of kerosene-&  mixtures. 
Several  physical vEtriebles were  examined, w i t h  the follawing results:  

(1) Fuel-air r a t i o  and velocity negli@h effects  on ignit ion w. 
(2) A t  a given air temperature, the Lag increased about 1 percent  per 3-micron 

increase in spray  Sauter E&D. diameter. 

(3) The lag decreased 15 percent  per 1400 F increase i n  fuel preheat. 

(4) The lag Becreased 25 percent if the fuel was prevqorized. 

(5) m y  sl ight  changes were noted when the IuCLuction zone was i n  the wake of 
a baff le  that induced coarse  turbulence. 

Studies concerning the effects  of air vft ia t ion made w t t h  pure hydrocarbon 
fuels showed that the spontaneous ignit ion temperature for a given t- lag uas 
about 120' F above that for air (ref. 52). In the case of liquid fuels, it was 
necessary to set the conditions so that the  spray we.8 evaporated  before it pene- 
t r a t e d t o   t h e  walls of the  duct. Fur theme ,   i n   r e f e rence  51, a nozzle s ize  and 
an injection  pressure were standardized such that the  spray  Sauter mean diameter 
was about 100 microns. 

The basic measurement was the length of the induction zone, that is, the dis- 
t ame  downstream of the nozzle at  which the flame s tab i l ized   in  the 3O diffuser. 
It might be objected  that the resul t s  were affected  by  propagation of the flame up- 
stream into  the hot m i x t u r e ,  or that the continuous  presence of the flame influenced 
the length of the induction zone by  radiation. To test these possibi l i t ies ,  eqperi- 
ments were conducted i n  which the flow of fuel was intermittent (ref. 51). The 
flashes f r o m  ignited mixture appeered 1 to 3 inches Wwmtresm of the corresponding 
continuous  flame-front  position. This resul t  would seem to  indicate that the con- 
tinuo-  presence of the flame did have some effect, but it was pointed & that in- 
termittent  operation may not have allawea time for   the nozzle to develap i t s  n- 
spray.  Therefore, the difference between continuous and intermittent  ignition lags 
may have been due t o  a difference in  spray  characteristics. I n  any event, the &is- 
crepancies were 8mELu. in absolute m&gnitude, although  percentagewise  they were as 
high EE 15 percent. 

Subject t o  the preceding  experimental variables, Mullins' work provides the 
0- measurements Of the  very short ignit ion l a g s  of interest i n  present  turbojet 
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combustors. The measurements covered the range of 1/2 t o  30 milliseconds  igaition 
lag. Typical data f o r  kerosene,  taken fram reference 51, are shown i n  figure III- 
31. The effects of pressure were also stuhied, and figure ITI-31 includes  lines 
for  presswes from 9.88 t o  29.92 inches of mercury. A t  a given  tenperahre,  the 
ignition Lag for kerosene under the  paxticular set of spray and stream conditions 
was found t o  be proportional t o  the reciprocal of the pressure. Different  pressure 
dependencies were found f o r  ather fuels. Figure 111-31 also includes a l i ne  for a 
gaseous  hydrocarbon fuel, "calor gas", composed of CB hydrocarbons (ref. 52). 

From the  experimental data, activation  energies were calculated and corrected 
f o r  the effect of air vit iation, so that the results corresponded t o  pure a b .  The 
activation  energy for ignition of kerosene was calculated to be 45.5 kilocalories 
per mole ; for "calor gas", 52 Bilocalories per mole. 

There are several  striking  dlfferences between the experiments disCusSe8: 

(1) In  reference 49, it was found that  the  ignition-lag data fo r  propane did 
not follow an Arrheniu-type  plot ; hence, a constant  activation energy m e  not ob- 
tained. However, the empirical equation  (12) wed t o  express  the data includes an 
exponential term e261OO/T. This temperature dependence is much less than found In 
references  51 and 52; the analogous exponential terms, with  activation  energies of 
45.5 and 52 kilocalories  per mole, would be e 41200/T or e47200/T. Although &if- 
ferent fuels are  involved,  other  experience would indicate that the temperature 
coefficients for propane and "calor gas":, in  particular,  should  agree more closely. 

( 2 )  Reference 51 reported no effect  of fuzl concentration on ignition lag, 
whereas i n  reference 49, it w a s  found that the lag at  a given temperature was pro- 
port ional   to  the inverse of the propane concentration. 

(3) The data of reference 49 indicated a lar or& of dependence  of ignition 
lag on oxygen concentration,  while  reference 53 reported that the lag varied in- 
versely as the  square of the oxygen concentration. 

It is inpossible at present  to  ascertain  the  reasons  for  these  discrepancies, 
because the experiments are so different and the   effects  of variables are incom- 
p l e t e ly  understood. "he neea for  caution  in  the  interpretation of spontaneous ig- 
nit ion measurements is emphaeized. k. the present  stage of howledge, the safest 
procedure for  practical   application of the data t o  high-speed conibustora is to 
choose an experiment that most nearly matches the actual conditions. For example, 
the work of Mulllns provides loeasurements .suitable far such application t o  present 
types of turbojet conbustor. More basic experimente, such ae those of reference 
49, will everrtually  lead t o  a bet ter  understanding of ignition  by  hot gases. 

Ignition  by Chemical Means 

The use of chemical methods fo r  the Ignition of high-speed combustors presents 
some attractive  possibil i t ies.  Such an expedient might make it feasible  to  el imi- 
nate the electr ical  system that are used:at present, an8 t o  s&stitute more compact 
agparatus for chemical ignition. Furthermore, the tgnition energy required of the 
spark may become larger than can be proviCkd in   the  current  sgstems under severe 
operating  conditions,  particularly under condltfons of low stat ic   pressure and high 
velocity. The electrical  apparatus muat be ma& correspondingly  large t o  insure 
ignition under such conditions. On the other b d ,  there axe certain chemical com- 
pounds i n  which large amounts of easily  released chemical  energy may be stored  in 
compact form. 

"" 

c 

1 

. "" 

" 

- x  

* .  + 



NACA RFI E54107 - In-33 

The possibi l i ty  of chemical ignit ion in pract ical  conibustors is s t i l l  Largely 
speculative , for very few actual tests have been made. Consequently, only a brief 
discussion of two methods of chemical ignition, and the Laboratory  evidence that 
offers encouragement of their  eventual  application, Kill be presented. The methods 
.referred  to are: (1) ignition  by means of spontaneously f-le compounds, and 
(2) catalytically induced ignition  by ma218 of f ine ly  divided platinum or palladium. 
The more obvious expedients, such a6 the use of s@bs and flares , will not be con- 
sidered  in  the category of chemical igniters because  they, in turn, mugt be s ta r ted  
by e lec t r ica l  means. In  other words ,  the discussion will be l imited  to  cases in 
which the mere presence of an added chemical  substance i n  a fuel-air mixture leads 
to ignition. 

Spontaneously f lamable compouuds. - There ie a fairly Large number of cpremid 
compounds of the  type MRx that have the  property of bursting into flame when ex- 
posed to air. In the precedipg  expression, M denotes a metal atom, R an -1 group 
( u s ~ a l l y  methyl or ethyl),  a d  x depem qon the valence of the metal. Among 
the more c o m n  metals , the 1-r  alkyl^ of boron, dunlnum, and zinc  are gases or 
liquids, and are perhaps of greatest   practical   interest .  The specific ccmrpound~, 
their  melting  points , and boiling  points are listed in the following table: 
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-a. 4 
203 
266 
rK15 

lll. 2 
243.5 

Melting 

-135.1 

""" 

-20.5 
-22.0 

The methods of preparation and handling of these materials are not especially 
diff icul t .  The prime necessity i s  the exclueion of air. Additional  information ia 
included i n  reference 54. 

The metal alkyls listed seem t o  burst into flame spontaneoucrly because  they 
readi ly  yield free radicals and atoms by decomposition or on reaction  with oqygen, 
even at room temperatme. Thus, a chain reaction is  s e t  up; the  reaction rspidly 
accelerates and causes the material to . ign i te  under suitable  conditions. As would 
be expected, the liquids burn mst readily when their vapors are  mixed wi-kh air, 
sometimes with  explosive  violence.  Hmver, a small pool of trimethyl aluminum 
burns gently when exposed t o  air, and is  sometimes extinguished by  formation of an 
oldde scum that prevents  access of a i r  to  the  surface. A l l  the materials yield 
sol id  oxides on complete burning; this feature  should be noted i n  considering t he i r  
pract ical  use as  igniters.  

Inasmuch 8s the  spontaneously f3Rmmable metal alkyls r e a m  produce free radi- cals, and, i n  addition,  release  heat on oxidation, it is reasonable to exgect t h ~ - t  
the i r  presence i n  a fuel-air mixture should induce o-dation of the fuel, and, under 
suitable  conditions , lead to   ign i t ion .  Avai lab le  l i terature  substantiates this ex- 
pectation. The ignit ion of =-butane by aimethyl zinc (rd. 55) and by t r i e thy l  
boron (ref .  56) was studied. The experiments were conducted in SpherrCal glass 
bulbs, i n  a thermostat at 68O F or  less. The dTmetlzy3. zLnc or triethyl boron vapor 
was admitted to   the  evacuated bulb to the desired pressure. Butane was then either 
aWtteti separately, followed by  rapid  ddl t ion of oxygen, or a butane-oxygen mix- 
ture was added rapidly. 
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A minimum partial   pressure of dimethyl  zinc of about 0.59 inch of mercury was 
re uired t o  induce explosion Jn the butane-oxygen - dimethyl zinc mixtures (ref. 
557. A series of tests at a t o t a l  pressui% of 7.88 inches of mercurg, all with 0.98 
inch of mercury of dlmethyl  zinc, and with varying amouots of oxygen  and butane, 
shared that explosion c d  be induced over a w i d e  range of composition. An igni- 
t ion Lag w a s  observed and it was concluded (ref. 55) that, when the rate of oxida- 
t i on  of dimethyl zinc becomes sufficiently hi&, free  radicals EU& as  CH3, CH30, 
and CH300 aze liberated. These i n i t i a t e  a chain  reaction in the mixture, heat i s  
releaeed faster than it can  be conducted away, d an explosion results. 

The studies indicated tha"trietbg1 boron was even more reactive  than dimethyl 
zinc. Reference 56 reported that flashem occurred immediately on introduction of 
oxygen into a bulb of t r i e thy l  boron vapor dmrn t o  pressures as law as 0.083 inch 
of mercury. There was no measurable induction  period. Khen a etoichiometric 
butane-oxygen mixture wa8 .admitted t o  a bulb of triethyl boron vapar t o  a t o t a l  
pressure of 0.94 inch of mercury, no reaction  occurred  with 0.039 inch of the vapor 
present. With O.ll7 inch, a violent explosion took p b c e ;  and with 0.197 or 0.394 
inch, there was merely a f a in t  flash. Thus, dthough triethyl boron appears  t o  be 
a more vlgoroue  chemical igniter,   there may be limits to  the induce& oxidation. 

Aluminum borohgdride Al(BE14)3 i s  a volatfle l lquld (b .p., 112O F) that  has been 
reported (ref. 5 7 )  to   ign i te  spontaneously on exposure t o  room a h .  The uork de- 
scribed  in  reference 58 extended the observations to   the   ign i t ion  of the vapor. Aa 
in the  preceding  experiments, t he  explosions were observed when oxygen w a s  rapidly 
introduced t o  a bulb of aluminum borohydride vapor. It was found that r l t h  &"y 
oxygen, no explosion  occurred a t  68O F; wlth mist oxygen, eltploraion took  place 
Fmmediately. Inasmuch sa aluminum borohytlride is knaim t o  undergo rapid  hyfkolpis,  
it appears that this  reaction is requis i te   to  low-temperature explosion. 

In  a subsequent aper,  the induced oxidation of hydrocarbons by alumlnum boro- 
hydride Was reported ?ref. 59). As might be inferred f r o m  the  result8 described in 
the  previous  paragraph, =-butane wae not affected i n  dry aluminum borohydride - - n-butane - oxygen mixtures. However, if the mixture waa moist, inmediate explosion 
occurred at 680 F under suitable conditions. When an m a t u r a t e d  hydrocarbon fuel 
was used, explosion  could be obtained in dry e w e s  ; 1-butene exploded after an 
ignition lag, and 1,3-butad$$ne exploded  immediately. 

. .  

Thus, a l u m h u m  borohydride i s  able to induce ignition of hydrocarbons a t  room 
temperature,  but  only if a sultable small amount of water i e  present, ' o r  in dry 
mixtures if the hydrocarbon I s  unsaturated.  Hmever, as reference 58 points  out, 
the need for misture o r  m a t u r a t e d  fuel is  eliminated if the  temperature of the 
mixture is Tncreased. Presumably, thermal dissociation provides  the  necessary  chain 
in i t i a to r s  a t  the elevated  temperatures in  dry  mixtures. 

Experiments t o  explore the value of aluminum borohydri& e a pract ical   igni ter  
are described in reference 60. Encow?aging results were obtained when 1 t o  2 c&ic 
centinreters O f  the  materm w m  injecte&into a single lxbular turbojet-engine com- 
bustor. 

The evidence is conclusive that several spontaneously flemmable coqounds a r e  
capable of igniting hydrocwbons. The pqrticulax  materials  discuased do not com- 
plete  the list of materials that may be of use. In view-of t&- f ac t  that one of the 
materials, aluminum borohydride, has shown promise in practical  tests, it is sug- 
gested that further research i s  warranted on this type of chemical ignition. 

Catalytic metals. - It has omen been  observed that finely  aividea  metale can 
promote reaction between substances that are Othe?Xise iner t  t o  one another. The 
metal acts  as a catalyst ,  that is, it greatly  accelerates the rate of reaction 
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between materials that appear t o  be  unreactive a t  ordltlarg temperatures and pres- 
sures. For example, a stoichiometric  mixture of hydrogen and oxygen may be stored 
indefinitely a t  room tenperatme  without  visible  reaction, even  though it is a 
thermodyaamically unstable system. The reason i s  that   the  rate of reaction is u11- 
detectably. small under the storage conditions. H m v e r ,  i f  a b i t  of platinum or 
palladium  black is added, the  reaction i s  catalyzed on the metal surface,  uhich 
quickly glows red-hot and ignites the mixture. 

The catalysis of hydrocarbon-air mixtures has ale0 been  observed, and these 
fac ts  suggest the possibi l i ty  of an igni ter  of! great s i q l i c i t y .  It should  only be 
necessary to place some platinum  or  palladium  black at a suitable  point  in  the com- 
bustor, and ignition would then follow whenever a fuel-& mixture  contacted  the 
catalyst . 

The possibi l i ty  of using  catalytic  ignit ion  in  practical  combustors has not 
been thoroughly  explored. One report (ref. 61) described a catalyt ic  igniter for 
the hydrogen-air p i lo t  of a 6-inch ram-jet  engine. P W u m  wa8 precipitated on 
asbestos  fiber, and a wad of this   catalyt ic   mater ia l  was placed i n  each of four 
conical  pilots. Hydrogen from an auxlliarg tank was used a s  the pilot fuel. The 
hydrogen-air mixture WRS ignited  by  contact  with  the cate.lyat, and burned in the 
flared  portion of the   pi lot  body. This flame, i n  turn ,  ignited the main stream of 
mlxbure, which was propene and air. In  laboratory tests, ignit ion was found to 
occur smoothly and with no appreciable time lag with a hydrogen flow of 2 cubic f e e t  
per minute. The results  definftely confirmed t h e   f e a d b i l i t y  of this tspe of igni- 
t ion   in  the ram-jet configuration for which it was designed. 

Reference 62 reported test6 of a d i f f e ren t   so r t   i n  a 1-inch-diameter  burner 
tube.  In this case, pLatFnum black was mixed with  platinized  asbestos and magnesium 
chips, and the mixture p h c e d   i n  a cavity  adjacent to the main stream. The fuel- 
air mixture  cont8cted  the  catalyst, and the  resultant heating fgaited  the magnesium 
chips. These produced a hot flame that was easily capable of ignit ing the main 
fuel-air stream. The effectiveness of the igni ter  varied with  the fuel, i n  the 
following Order: methyl alcohol  >methyl  alcohol - gasoline > gasoline  alone. In 
some tests, ignition was obtained without  the aid of magnesium chips,  but  the time 
lag before  ignition was longer and the resu l t s  were mre errat ic .  

The idea of catalyt ic   igni t ion is most a t t rac t ive  because such a s y s t e m  i s  
self-energizing; it depends on ly  upon the presence of a fuel-alr mixture to activate 
the  catalyst. The results of the I x o  experiments describes indicate that the method 
may have pract ical  merit, partic-ly in  system where especially  reactive fuels 
such as hydrogen are t o  be employed. Haweper, further work is needed t o  determine 
the useful life of a catalyst  charge and its susceptibil i ty to catalyst  poisoning. 

Ignition by Shock Waves 

The poss ib i l i ty  of ignit ion of fuel-air mixtures  by shock wave8 may readily be 
seen  by a brief examination of the properties of the waves. It is not  within  the 
scope of this discussion t o  present  the details of the  formation and propagation of 
shocks; many excellent  references may be consulted on these subjects (for example, ref. 10, p. 590). 

A shock wave travels through a gas at a velocity  greater than the local  sound 
velocity. As the gas flows through the wave, it undergoes abrupt  increases  in 
pressure and temperature. The temperature is considerably greater than that ob- 
tained by  adiabatic compression, i n  which case  the assumption is made Ghat the 
piston moves so slowly that equilibrium always e-sts;  this  condition is  met i n  
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practical  cases aa long RS the  piston  velocity is  small compared with the  average 
molecular velocity. In the  case of a shock wave, the  piston head i s  the wave it- 
self, and, as already stated, its velocity i s  high. Conseqpently, the compreseion 
is accompanied by  the  degredation of kinetic energy into random molecular mation, 
that is, t h e m  energy. 

An idea of the properties of shock wayes may be  obtained from the fo l lar ing  
table (ref.  10,  p. 594). The quantities i n  the tab& me .calculated from the ap- 
propriate hydrodynamic equations,  for shock waves i n  air at an i n i t i a l  temperature 
of 32' F. 

Ratio of pressure 

ft/sec t o   i n i t m  pressure 
velocity, behina shock wave 
Shock  wave 

2 

3,209 10 
2,290 5 
1,483 

100 9,910 
1000 30,200 

50 7,050 

2000 42.300 

Temperature 
ing f r o m  adiabatic behind shock, 
Temperature result- 

9 compression t o  same 

I preseme OF I 
145 

468 810 
307 408 
135 

3,610 970 
6,490 1250 

33,900 2620 
, 51.700 3270 

The extremely  high temperatures produced in the shock are  sufPicient t o  indicate 
the  potential of  shock wwes as ignition  sources,  particularly when the tempera- 
tures in the  table  are campared with the spontaneous ignition  temperatures that 
have been  quoted previously. I n  addition,  the shock contains free. atoms and radi- 
cals  that can promote rapia chemical reaction; shocks- are- often observed t o  be 
luminous, even in iner t  gases. 

Thus far, only shock  waves i n  noncombustible gases have been considered. If 
the  gas i e  a combustible  mixture, a mathematical analysis of the hydrodynamic proc- 
esses that occur when a wave of chemical reaction sweeps through the m i x t u r e  share 
that two different  types of process  satisfy the conservation laws. In one case, 
the  pressure and density behind the wave i r e  both lmer than those ahead of the 
wave; this is called a deflagration, and constitutes  the usual flame with which 
t b L s  chapter is concerned. In the other case, pressure and density increase be- 
hind  the wave; t h i s  is a detonation. (For a complete diecuasion see ref .  63.) 

Ordinary flames propagating in tubes are &en observed t o  accelerate and 
transform to detonation waves If tha tube is  long enough  and the mixture is within 
the concentration limits of detonability. The processes  involved are not yet com- 
pletely understood. It may be sufficient to s t a t e  that the detonation wave i s  a 
shock wave that  continuously  ignitea the mixture into which it propagates, and is 
sustained at a velocity  very much greater than the normal burning velocity by the 
energy released in combustion. 

It i s  therefore  seen that  the possibil i ty of ignition  by shock  waves is  estab- 
lished by  the very  existence of the phenomenon of detonation. In the s i t u a t b n  
Just  described, however, flame is present  init ially.  Recent studies have shown 
that ignition  by shock waves can be accomplished without the presence of a prelimi- 
nary,  slowly  propagating flame. In general, the technique has been to employ a 
shock tube, in which an  inert  gas at high.pressure i s  separated  by a diaphragm From 
a combustible mixture. When the diaphragm ruptures, a shock wave u i th  a strength 
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c dependent on the bursting pressure and the properties of the iner t  gas t r a v e l s  int0 

the combustible  mixture. The properties of this  incident shock may be CalcuLated 
from shock-tzibe theory, and the shock of minFmum strength  required to ignite the 
mixture  can  be  determined. The technique has been used by Shepherd (ref. 64) with 
methane-oxygen, methane-air, and  ethene-oxygen mf3ctures, and by Fay (ref. 65) 
with hydrogen-oxygen mixtures. In  general,  ignition  resulted  in a detonation if 
the mixtures were within  the  concentration  range of detonability, as might be ex- 
pected. However, the  incident shock did n& by any means need t o  be as strong as 
the detonation that resulted from it. For example, reference 64 showed that 
methane-oxygen mixtures  could be ignited by shocks i n  which the calcula-bed tempera- 
ture was 410' t o  4820 F; the  calculated temperature in reference 65 for a 2HZ-O2 
mixture w a s  266O t o  6800 F. Ranges of tauperatme are given  because 'the results 
depended somewbat upon the experimental arrangenent, and the technique has not yet 
been sufficiently  refined  to  el iminate all &raneous effects. Nevertheless, the 
inhicated  ignition  temperatures  are in a st r ikingly lower range than  those deter- 
mined by methods previously  discussed,  especially when the very short lags asso- 
ciated  with shock-wave ignition exe considered. 

The favorable results of shock-ignition experiments, and the fac t  that 8 &tom- 
t ion wave is essentially-a continuous ignition by a shock mve ,  have led  to a eug- 
gested  engine  utilizing  the  principle (ref. 66). In such an engine, which dight be 
a form of ram jet, the  injectors would be moved into  the diffuser upstream of the 
normal shock. The shock would Ignite the mixture and conibustion would be completed 
i n  a collibustion chaniber amaller than that required in present-day ram-jet engines. 
The ex i t  nozzle would be used as a th ro t t le   to   cont ro l   the   pos i t ion  of the shock 
igniter.  The engine would be self-stazting, and flame holders would not be re- 
quired.  Reference 66 should  be  consulted for further analysis of the  characteris- 
t i c s  of a shock-ignition ram jet and a discussion of its advantages  and disadvantages. 

It should be pointed  out, however, that the  principle need not  necessmily be 
u t i l i zed  I n  the form described i n  reference 66. Although further experimental work 
is needed, it appears that shock waves hsve a high  potent% for Lgnition of com- 
bustible mixtures, and may be found useful i n  okher than  ram-jet  configurations. 

I@it ion by Capacitance Spark8 

Probably the most important mode of ignition  insofar as a i r c ra f t  axe concerned 
is e lec t r ica l  discharges, such as SP~rks  am3 glow or arc discharges. These marks 
o r  discharges  permit  the  interchange of energy from an e lec t r i ca l   c i r cu i t   t o  a gas 
in a re lat ively  eff icfent  manner and i n  a minute ml- campaxed with  heated sur- 
faces, flames, or hot gaaes. Complete control can be exercised  over  the a m m t  of 
energy and the  duration of the  discharge. Although epark ignit ion has been the 
subject of many investigations and has found wide use in  practical   applications,  
there is s t i l l  much t o  be leerrned about the mechanism  whereby stored energy is con- 
verted t o  flank=. 3'he most conqlete summary available on spark ignit ion is that of 
reference 67. -.  -. 

There are three types of discharges *t have been  used to  obtain  ignit ions 
capacitance sparks, inductance sparks, and capacitance sparks of long duration. 
The rate at which energy is released is different for these sparks and accounts f o r  
the difference in igniting  abilfty.  

Capacitance  sparks m e  produced by the discharge of chaxged condensers into a gas. The duration of such a discharge may be extremely short bo. 01 microsec) for 
low energies and can be as high as 100 microseconds for larger energies (>l j)  be- 
cause of inherent  properties of the  circuitry.  The appearance of the spark is 
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bright and the spectrum of the  spark corresponds to that of the gas i n  which the 
e p x k  occurs. The current is high because of the lar Inqeaance of the spark gap. 
Inductance  sparks are obtained from transfcpers,   ignit ion  coils,  and magnetos, or 
when an inductive  circuit is interrupted  by opening contacts.  Became  inductance 
spark6 usually are generated  by high-impedance sources, the current is lm; hence, 
the sparks have a weak appearance. R e  &dat ion  is long and the spectrum  corresponds 
t o  the vagor of the metal. electrodes. Capacitance spmks of long duration are pro- 
duced when resistance is  added t o  a capacitance  discharge  ignition system, the dura- 
t i on  being controlled by the relat ive values of resistance and capacitance. When 
resistance is added, the  characteristics of the discharge, that is ,  current, dura- 
t ion,  and appearance, become very similar t o  thoee of an indktance spark. Because 
of losses in the resistance, such sparks are' only useful f a  fundamental research. 
The energy a t  the gap muBt be measured by  oscillographic o r  calorimetric methods. 

The energy i n  a capacitance  spark  as  obtained  fromthe  discharge of a capaci- 
tance is calculated by the  following  equation: 

where 

c capacitance of condenser, farads 

j energy obtained from capacitance, joules 

V1 voltage reIWLinlng on condenser a t  inetant  spark ceases, vol.ts 

v2 voltage on condenser just before spexk occurs, vol ts  

" . 
- ." 

1 -  

c - 

This equation  gives the energy released from the condenser, Wch may be higher 
than that actually  dissipated In the -ark gap bemuse of_..-o$Bes In  the circuit un- 
less extreme care is taken t o  minimize them. Usually v1 is small compared with 
v2, and hence may be neglectea. However, i n  systems using  large  cqacitors and 
relatively law voltage, vl can be Lmportet. 

I n  the succeeding  discussion of the  effects of variables on ignition by capaci- 
tance sparks, the  following  definitions w i l l  aid  in  c6nsideration of the results: 

(1) Minimum spark-ignition energy: The minimum spark-ignition energy o f a  , 
flanrmsble m u r e  is the   to ta l  energy dissipated  in  the weakest spark t ha t  w i l l  
just cause ignition. 

(2) Quenching distance: The quenching distance is the  electrode  spacing Illark- 
fng the farthest penetration of the flame-quenching effect of the  solid material. 
A t  t h i s  spacing, the ignition energy is a minimum; below this spicing,  the  energy 
increases. 

(3) Electroatatlc sparks: Electrostatic sparke are those sparks generated  by 
fr ic t ion,  impact, pressure,  cleavage, indGction, successive-  contact and separation 
of unlike surfaces, and transference of f lu ids .  They are the same as capacitance 
sparks, the on ly  difference  being  in  the manner i n  vhich  the energy is generated. 
D a t a  for  electrostatLc  ignition  energies  wouldbe  the same as those determined f o r  
capacitance-spark  ignition  energies. 
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( 4 )  Breakdam voltage of spark gap: The breakdown voltage of a sparrk gap is 
the lowest  voltage that may be applied t o  a a-park gap and yet cause a spark t o  be 
formed. This  voltage  should  be distinguished from the  spsrk  dtscharge  voltage, 
which is  the  voltage  appearing across the spark gap during the l i fe  of the  spark or 
discharge. 

(5) Spark discharge: A spark occur6 won the   e lec t r ica l  breakdown of a gas. 
It marks a transi t ion from a nonself-mwtaining -charge (SOEtimeS called dark 
discharge) t o  me of seve ra l  types of self-eustaining discharge, ma urn- takes 
place  with  eqlosive suddeness. The most -&ant of the self-sustaining U s -  
charges 8pe the glow and a rc  discharges. The type of discharge thet results upon 
spark breakdown of  a gap depends upon the gas pressure,  the gap length and shape, 
the  nature of the applied voltage, and the  constants of the &erneJ- circui t .  

(6)  Glow discharge: The glow discharge is  a Be=-sustained  discharge  charac- 
terized by a glow over a considerable  portion of the cathode electrode, low current, 
high  voltage drqp i n  the  region  close to the cathode electrode, smaY current  densi- 
t i e s  a t  the cathode electrode, and generally a weak appearance. 

(7) Arc discharge: d he arc  discharge La a self-sustained  discharge  character- 
ized by an intense  spot at the caw electrode,  high  current, low voltage drop at 
the cathode  region, large  current  densities at the cathode electrode, sml generally 
strong appeaxance. It is the only type of discharge  capable of supporting  high 
currents. 

In  discussing the pamqeters that affect   the  energy  required f o r  ignit ion using 
capacitance sparks, an a t t e e  hag been made t o  disregard much of the older data 
which, it i s  believed, do not contribute to the  sribject of spark ignf t ion   in  the 
light of present knowledge. . Far example, the bulk of the older work has been com- 
pleted  using  electrode spacing.6 shorter thean the quenching distance, and many de- 
ductions  using such information are erroneous, aa pointed out in  reference 10. 
Therefore, such information is used only where necessary to  show a trend, and it is 
indicated that such data were obtained  within  the quenching distance. The important 
test  conditions are included and will generally be found i n  the figures. 

MixLure conposition. - The effect  of mixture composition on minimum ignftion 
energy of quiescent  mixtures (refs. ll and 68) is shown i n  figures IIf-32 and -33 
for three  electrode  configurations,  various  spacings,  three fuels, and two pres- 
sures. The curves show that well-defined upper and lower ignition limits exist 
and that a minimum value of energy is required at  a fuel composition of the order 
of stoichiometric. For most fuels, the minimum fal ls  on the rich side of stolchio- 
metric. For example, the follming table (obtained from ref. 69) shows the minimum 
points of the  cmves for a number of different hydrocarbon fuels ignited at atmos- 
pheric  pressure  with  the same electrodes used to   obtain the data in   f igure 111-32: 

Fuel in   fuel-air  Percent fuel In fuel-air mixture Least 
mixture, I Percent fuel in  stoichiometric I energy, I 

Methane 
Ethane 
Propane 
n-Butane 
n-Hexane - n-Heptane 
Cycloprapa= 
Cyclohexane 
Benzene 
Diethyl  ether 

- - 

8.45 
6.61; 
5.07 
4.53 
3.64 
3.36 
6.34 
3.94 
4.67 
5.30 

0.88 
~~ 

1.17 
1.26 
1.47 
1.71 
1.82 
1.45 
1.75 
1.75 
1.57 
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Data in figure 111-33 for benzene are  higher  than sham in   the  table  because the 
electrode spacing was within  the  quenchingdistace. 

. . .. 

The effect  of mixture camposition on the minimum spark-ignition energy of 
fldng propane-air rnixture-at 3 inches of mercury absolute with a long-duration 
capacitance spark (ref.  70) i6- sham- In fi&e III-34. The general  trend I8 the 
same as fo r  quiescent  mixtures; however, the e n e r e r y & ? ? v e v e l o c i t y  
as  described  in a subsequent secti- 

- 
. .  . .  . .  

The data show that, under proper  condltioas of fuel-air  ratio,  the  energy  re- 
quired can be  extremely law. Any d.ep&ure from t h i s  fuel-air r a t i o  reqy3res 
higher  igaition  energies that tend toward i n f in i ty  as the flammability 1-t i s  
approached. The extreme importance of J g c & d n g m k   lugs i n   t he  proper  mixture 
ZOIE i n  a combustor i s  intiicated. 

F x 1  type. - The type of fuel has a definite  influence on the minimum ignition 
energy &8 shown i n  the appendix. Reference 71 presents analpis of a nuniber of 
fuels with respect t o  molecular w e i g h t  and arrangement of  compomds wlth the fol-  
lowing conclusions: 

(1) Hydrocarbon ignition  energies decrease i n   t h e  order : alkanes,  alkenes, 
and alkynes. 

(2) An increase in chain length or chain  branching  increases  ignition anergy. 

(3) Conjugation generally lowers the  Lgnition energy. 

(4) For long chains, the effect of structural   variation  ie small, but for  short 
chains, the effects are much larger. 

(5) Negative mibstituent groups result i n  increasing  ignition energy in   the 
order: mercaptan, alcohol, chloride, and amine. The effects of chlorine and amine 
groups axe particularly  large. 

(6) Primary  ami^^ increase  Ignition energy more than seconAary or t e r t i e r y  
amines. 

(7) Ethers and thioethers  increase  ignition energy. 

(8) The peroxide group lowers the iqnition energy greatly. 

(9) Esters and ketones  increase  ignition  energy  greatly, but aldehydes rsise 
ignition energy only  slightly. 

(10) Ignition  energies f o r  compo~nde coutaining three-membered rings  are  very 
low, particularly when oxygen i s  i n   t h e  ring. 

(nu) Saturated compo~nds containing six-menibered rings have relat ively high 
ignition  energies, but those of f ive-mmbered rings are &out average. 

(12) Ignition  energies for aromatics. axe similm t o  those f o r  llnear hydro- 
carbons containing  the sane n-er of carbon atoms. 

Basic studies of ignition of fuel mists or sprays i n  air, a very important 
aspect of fuel type, have not appeared i n  the l i t e r a tu re  because of problems aesocl- 
ated with xetting of electrodes, energy absorbed by heat of vaporfzation, masure- 
ment of drop size, partial  vaporization of droplets, and vo la t i l i t y  of fuel. These 
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variables may af'fect the energy t o  NCh &z1 extent that theories and empirical COT- 
relations formulated for gaseous fuel mixtures may not be appl icable   to   l iqqid 
fuels. 

Electrode  8paclq. - The effect  of electrode  spacing for various  electrode 
configurations on the minirmrm spark-ignition  energy (refs. 11 and 12) is sham i n  
figures 111-10 and -11. With the unflanged electrodes and irrespective of pres- 
sure, 88 the spacing is increased f r o m  lar values, the energy  requfred  decreases. 
A t  atmospheric  pressure, the energy remains constant w i t h  further increase  in 
spacing.  Eventually, the energy w i l l  r i s e  again a t  much larger spacings.  This 
constant  energy  portion is not  observed at low pressure. With flanged  electrodes, 
a spacing can be found below which ignition cannot be obtained  regardless of the 
energy  supplied.  This qecing defines the quenching distance that has been pre- 
viously described. 

!Fhe quenching distance also varies  with composition, as shown in figure III- 
32. The shape of the curve roughly paral le ls  that of the energy  curve. The data 
show that to obtain  easiest  ignition,  electrode  spacing must be changed as the 
fuel-air r a t i o  is changed. 

Electrode type. - Varylng the  electrode material has no significant  effect  on 
the ignition energy of a flammable m u r e  with cqaci tance sparks of ahort dura- 
tion.  Ignition of gaseous mixtures by sparks from platinum,  nickel,  zinc, aluminum, 
lead, brass, and steel electrodes was unaffected by  electrode  material  (refs. 48 
and 72). However, it is sham in reference 12 that, with  long-duration  capacitance 
sparks, there may be an indirect   effect  of electrode material. In  this  reference,  
it is 'sham that ignition  energies can be  affferent for the different  materials, 
depending upon the type of discharge produced. Figure III-35 &owe that stainless  
steel electrodes which produced a glow discharge had ignition  energies 50 percent 
higher  than cadmium electrodes which produced a discharge  starting as an arc  dis- 
chaxge and changing t o  a glow discharge. If the  type of dischsfge wa8 a glow dis-  
charge,  varying the electrode material had a negligible effect. 

The effect  of electrode  configuration is aLso s h m  in figure ITI-11. It may 
be concluded that   the   effect  of electrode  size is ueg l iga l e  at the quenching dis-  
tance (0.65 in. at  this condition). A t  spacings less than the q.nching distance, 
the l a rger   e lec t rodes   req j re  more energy then the smaller electrodes because of 
the increased  area for quenching t o  take  place. 

Condenser voltage. - The effect  of condenser voltage on the ignition  energy 
of a flammble mixture is negligible. That ie , the  ignit ion energy  required is  
unaffected by increasing the condenser voltage BS long as the  capacitance is  re- 
duced t o  rnaintain the same stored energy.  Reference 73 reports that the  voltage 
could be varied from 1.6 t o  5.8 kilovolts wLth0u-b changing the  igntt ion energy ' 

required. 

Spark duration. - The effect  of increasing the spark duratlon i n   t h e  range of 
125 t o  25,000 microseconds (ref. 70)  is t o  fncrease  the energy requlred  appmxi- 
~ t e l y  as a power function of the spark duration  (fig. III-36). Thi~ increase is 
&e to  the energy be distributed over a lerger volume. However, at extremely 
short spark d u r a t i o n 3 2  microsec) , the energy is considerably higher than that of 
the  majority of the  longer-duration sparks. Reference 12 suggests that the  in- 
creased energy is due t o  the energy distribution  along the spark length. 

Oscillation  fiequencx. - ~ o m e  references  (for example, ref. 7 4 )  have stated 
that electrical  processes  are m e  bportaut  in  the  spark-ignition  process  than 
any thermal  processes. The research used as a basis for this viewpoint is that 
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described i n  reference 75, i n  which the  igniting power of a spark generated  by a 
condenser-inductor  combination  increased with decreasing  oscillation  freqwncy of 
the  current nave of the spark. However, as pointed  out  by Lenis and von Elbe in 
reference 10, the tests were run under questionable  conaitions, that is, all the 
work was carried out  with  electrode  spacings  -shorter  than the quenching distance. 
Hence, some s o r t  of quenching t e s t  was conducted that gave  no information regard- 
ing electrical  processes. Reference 73 r e p o r t s  the  addition of inductance to  the 
apparatus in an attempt to determine the-effect  of oscillation  frequency on igni- 
tion. A t  the quenching dlstance, no effect of reasonable  indytance  addition waa 
found. Hence, in   the  light of the recent work, it must be concluded that inductance 
has no effect  on ignition. One qualific&ion might be added. In some cases where 
high-energy ignition systems are be'ing wed, the  addition of inductance might 
change the duration of the &ischarge and so affect  the  ignit ion energy requlred. 

Spexking rate. - The effect  of sparking rate i s  described  briefly in refer- 
ence 76, in which an  induction  coil weas used t o  produce sparke. However, the sparks 
produced w e r e  a series of capacitance sparks from a chBracteristic  capacitance in 
the circuit .  The first spark caused ignition if ignition occurred at a l l .  The 
passage of two to  ten  additional  sparks had no effect .  This was believed t o  be 
because of s0me-t lower voltage (and energy) i n  spark fo-ng the first. 
These t e s t a  were conducted w i t h  spacing wlthin  the quenching distance and are 
therefore open t o  question. It i s  conceivable that ,  if the sparking rate is  suf- 
f i c i en t ly  high and sparks following the first could be generated in the heated 
zone lef t  by the first spark, some effect could be observed. 

Mixture velocity. - Increasing  the  velocity of flow of a combustible past the 
electrodes  increases the energy required for ignition (ref. 70) a6 shown i n  figure 
111-37. Over the range of velocities  indicated (5 t o  54 ft /sec f , the energy in- 
creases  approximately l inearly with velocity. A t  higher  velocities  (ref. 77), the 
energy  increases m u c h  m e  rapidly ( f ig .  111-38). 

The velocity causes the spark t o  be b l m  damstream, thereby  lengthening  the 
spark path and causing the energy to be distributed over a much larger volume. 
Such distribution i s  dependent q o n   t h e  &as velocity and spark  duration. A theory 
has been  proposed i n  reference 78 to   correlate   the parameters of density,  velocity, 

based on the idea that the total energy H of the  spark may not be the impartant 
factor  in  ignlt ion of f lar ing gases r l t h  long-duration sparks. The spark i s  con- 
sidered t o  move downstream at stream velocity U in the- form of a square-conzered 
U. The legs of the U will be continuously  lengthening, but the le- L (cor- 
responding t o  electrode  spacing) w i n  remain constant. It is considere& that this 
length L is a l i ne  source of ignition, moving a t  mean stream velocity and i s  the 
important part of the spark. The energy i n  this line source HI, is calculated by 
malring certain assumptions as t o   t he  manner in which and the  rate at which the  
energy goes into the  spark. !be energy is calculate& as follows : 

' spark duration,  electrode  spacing, fuel constants, and energy. This theory is 

H total ignition energy, 3-s 

HL energy in   l i ne  source, joules 

E 

. 

L electrode  spacing, ft 

I 
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ts spark duration,  sec 

u gas velocity, ft/sec 

The energy HL heats a cylindrical volame of the  codust ible  of length L and 
radius r. The radius r of t h i s  volume is found by assuming the requirement of 
ignit ion i s  tha t  r must be of such s ize  that the rate of heat  generated in   t he  
volume m u s t  be equal t o   t he  rate of heat l o s t  by  conduction. An equation  relating 
the  ra te  of heat  generated and rate of heat lo s t  determines the   c r i t i ca l   s ize  of 
r. Once r is determined, the amount of heat  required t o  heat the volume of 
radius r and .length L t o  flame temperature can be calculated. This heat should 
be equal to the heat HL from the spark result ing i n  

* .. 

rr 
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t - .. 

. =  

L ut  2uts + L 
P= a log L 

for electrode  spacings  equal to or less than quenching distance Lq; or 

UtS m, " L 
pH a log L 

for  electrode  spacing greater than Lq. A plot  of equations (15) and (16) i s  sham 
i n  figure III-39 for data obtained f r o m  references 70 and 78. Hence, from t h i s  
analysis, it may be  concluded that only a portion of the  spark length is imporbant 
in   igni t ion of flowing gases  by  long-duration  sparks. Energy in   t he  remainder of 
the spark is dissipated  without any help to the  ignition  process. 

Turbulence. - If a turbulence promoter  such as a wlre  screen is placed upstream 
of the  electrodes  in a flowing combustible gas (ref.  77),  the energy  required  in- 
creases  with  the wire size of the  turbulence promoter and with decreasing  distance 
from turbulence promoter to electrodes  (fig. III-38). The energy  increases with 
those  factors that increase  the  intensity of turbulence. The idea of a line source 
of ignition has been a p l i ed   t o  turbulent ignit ion data to those shown in 
figure 111-39 (ref. 787. All the concepts  considered in  the  previous  section were 
used  except that the rate of heat loss was assuned t o  depend qon   t he   i n t ens i ty  of 
turbulence. F r o m  this analysis, it was sham that at conatant  pressure, 

where 

f@ function of intensity of turbulence,  ft/aec 

A plot of t h i s  re la t ion is shown i n  figure III-40. Hence, the energy in   t he   l i ne  
source of ignit ion i s  Shawn t o  depend d i rec t ly  upon the intensi ty  of turbulence. 
The effect  of scale of turbulence WRS shorn to be negligible at t h i s  condition. 

Pressure. - Pressure has a pronounced effect  on the  ignit ion of a flammable 
mixt;&= 73) , aa eham i n  figure III-41, i n  which the   min im  ign i t i on  energy 
increases with &creasing  pressure.  For most fuels, the energy v a r i e s  inversely 
as the bth parer of pressure, where b is approximately 2. If the  pressure is 
reduced sufficiently,  a pressure xill be reached (minimum ignftion  pressure) below 
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which ignition i s  limited by some factors of the  apparatus such ae  electrode spac- 
ing, s i ze  of ignition chamber, or available energy. Whether there is  an ultimate 
limiting pressure has not been determined. Therefore, all the follaving data are 
apparatus-limited. 

Figure 111-42 shows the energy  increasing as the  pressure  decreasee toward the 
minimum ignition  pressure in tests (ref. 79) with  constant  electrode  spacing.  This 
cmve is a combination of two separate  effects,  pressure  effect and quenching effect .  
That is, as the  pressure is reduced, the  electrode spacing is  effectively moved 
far ther   xi thin  the quenching distance,  since  the quenching distance  increases  with 
decreasing  pressure.  Different fuels exhibit  different minimum pressures, as s h m  
in  f igure III-42 and the follaring table  (ref. 79): 

. .  
- ." 

c 

Fuel Minimum ignition 
pressurea, 

in. Eg abs 

m o g e n  0.45 
Methane 

1.30 - n-Nonane 
1.30 2,4-Dimethyl-1-,3-pentsdfene 
1.10 Eenzene 
1.14 n-Butane and isobutane 
1.14 %Butene 
.83 1,3-Butadiene 
.75 

~~ ~ 

aObtained with capacitance WEcrkj temperature, 
75O t o  85O F; electrode  spacing, .0.110 in. 
(less  than quenching distance);  energy, 8.64 j; 
ref .  79. 

Larer  pressures  than  these  could have been obtained if the t e s t s  had been  conducted 
in apparatus of sufficiently  large  size so that quenching  could  not  occur. The i m -  
portance of apparatus size has been emphasized i n  the quenching discussions. 

Pressure limits for  some of the petroleum fue l s - in  air at  room temperature have 
been  determlned as follows : 

Fuel Minimum ignition Reference 
pressure,a 

in .  H.5 abs 

100/130 G r a d e  aviation gasoline 

-51  80 Grade Jf-4 j e t  fuel 
1.50 16 Grade 3p-3 j e t  fuel 
1.50 16 1151145 Grade aviation gesoline 
0.63 16 

aObtained with capacftance spark; temperature, 78' F; 
electrode spacing, 1.0 in. 

Minimum ignition pressures are also a function of the mixture  composition 
(ref. 79) ,  as shown in   f igure III-43. The lowest premure  occurs a t  about 1 . 5  per- 
cent mix tu re  ra t io  and on the  lean side of stoichiometric for methane. Hydrogen 
also has the minimum on the  lean  side (ref. 79).  For heavier hydrocarbons, such as 
propane and 2-butane, t h e  lowest  pressure  occurs on the  r ich side of stoichiometric. 
This phenomenon may be due to  relative  differences  in  diffusivit ies of air and the fuels. Air has a diffusivity  lesa than hydrogen and  methane and greater than pro- 
pane and E-butane. 
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In determining the &ect of pressure on ignltion energy, consideration muat 
be given to   the  choice of electrode spacing t o  be  used, since  the guenching distance 
is a l s o  a function of the  pressure  (ref. 71). This is denonstrated in   f igure  III- 
44, which shows that the quenching distance  increases wlth decreasing  pressure. 
A complete relation between electrode  spacing,  pressure , and mtnimum ignition 
energy is shown in  f igure 111-45. 

The fac t  that the  electrode  spacing for minimum ignition energy  increases with 
decreasing  pressure may be explained by assuming that a certain  spark-ignition 
energy can in i t ia l ly   ign i te  a certain mass of f-le mixture. If the pressure 
is decreased, the mass occqies  a larger volume, and hence the  electrode  spacing 
must be  increased so that the spark will be of sufficient s i z e  to ignite the Larger 
volume. 

In the  determination of minimum ignftion  pressures , ceqacitance q e r k s  of hi@ 
energy have been used t o  overcome the quenching effect  of the electrodes (ref. 79). 
Figure 111-46 shows the  effect  of electrode  spacing and .energy on  minimum ignition 
pressure  for  pbutane and 2,2,4-trimethylpentane. The data show that the  higher 
the energy, the  lees  the  effect  of spacing on pressure. The energy of 8.64 joules 
that has been  used (figs.  III-46(a) and (b) ) with a spacing of 0 . U O  inch  ignites a t  
pressures  close to the m i n i m u m  of the curves , and consequently,  not much is gained 
by the w i d e r  qacing,  although the optimum spacing would be greater than 1 Inch. 

Temperatme. - The effect  of increaeing  the temperature is t o  lower the mini- 
m ignition energy, as sham i n  the following  table  taken from reference 81: 

Fuel Ignition energy,' Temperature, 9? millifoule 
Carbon disulfide 0.76  77 

212 .5 

- n-Heptane 77 

3.2 380 
6.7 212 
14.5 

Isooctane 77 27.0 
w2 ll. 0 
340 4.8 

- n-Pentane 45.0 , -22 
-4 

212 
7.8 77 

14.5 

2.5 347 
2.3 340 
4.2 

Propane -40 u.7 
-22 9.7 
-4 8.4 
77 5.5 
135 

1.4 399 
3.5 212 
3.6 IBO 
4.2 

Propene  oxide 77 2.4 
212 1.5 
360 .9 

aDetermined with capacitance spark, atmospheric 
pressure, and flanged electrodes. 

"L 
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From these data, a correlation was obtained rehting energy and i n i t i a l  temperature 
of the m u r e .  This relation w a s  of the form 

where H is ignition energy, B and C are constants which axe different far the 
various compounds, and T is  the  ini%ial temperature. 

The minimum ignition  pressure is not  affected  greatlyby changing the t e m -  
perature f r o m  -500 t o  F (ref. 79). Figme  III-47 shows a slight line= de- 
crease i n  pressure with an  increase i n  temperature i n   t h i s  range. This decrease 
is  in the proper direction  to. be the result of decreased qenching caused by in- 
creased  temperature, as discussed  previously. 

Diluents. - The addition of a diluent to  a combustible gaa has a marked effect 
on the minimum ignition energy (ref. 73). It should be expected that the minimum 
ignition energy if3 dependent upon the  ab89tiv-e and conductive quali t ies of any 
additive that might be present in the fuel, as  well as  upon the fuel itself. This 
is  shown t o  be true i n  figure 1II-48(8). If the  nitrogen in a methane-air  mixture 
is  replaced  with helium, the energy  increases; if replaced  by argon, the energy &- 
creases. With the  exception of the methane-oxygen-argon mixtures,  the minimum ig- 
nition  energies  increase  with  increasing  diffusivity of the mixtme according t o  
reference 82. 

The quenching distance curves (fig. ITI-48(b)) are s i m i l a r  t o  the energy 
curves. 

The effects of U u e n t s  on minimum ignition  pressure of mfxtures of  ;-butane 
and  oxygen with argon, nitrogen, carbon dioxide, and helium (ref.  79) are shown i n  
ffgure 111-49. In  all oases, mixtures containing argon are the most easi ly  Lg- 
nited; mixtures  containing cerbon dioxide are the least easily ignited. Humidity, 
w h i c h  might be cons iwed  as 8 diluent, would replace 60me of the oxygen,  and would 
thus cause higher ignition  energies.  This effect has not been determined experi- 
mentally. The effect ,  if any, is  probably small and can be neglected in most ca8es. 

Ignition by  Inductance Sparks 

The difference between indwtance sparks and capacitance sparks has been ex- 
plained  previously. "he energy stored  in  an inductance is 

j = ; 2i2 

where 

i current  in circuit a t  instant of sparking, amp 

j energy, joules 

Z inductance,  henry 

Mixture composition, pressure, and temperature. - The effect of mfxture compo- 
sition,  pressure, and temperature on minimum ignition energy Kith inductance  sparke 
is  eimilar t o  that obtained  with  capacitance  sparks. However, with  inductance 
sparke, much of the  data have been obtdned using the current in the prfmary of a 
transformer as an indication of the energy in the spark gap. Since t h i s  method 
does not give actual energlea,  the data are practically  useless t o  both - the 
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ignition-system  designer and t o  the researcher. JUSO, much of the data have been 
obtained  with  spacings less than  the qwnching  distance.  For this reason, no 
further  discussion will be given  concerning these var iables .  References 83 t o  89 
give most of the information on inductance sparks. 

Electrode  spaciq. - As shown i n  figure III-50, the min3mum electrode  spacing 
composition  curve is very similar to those  obtained  wlth  the  cspacitmce spark 
(fig. III-M(b)).  The quenching distances with inductance  sparks appear to  be 
s l ight ly  lower than those  obtained  with  capacitance sparks. 

Electrode rpaterial. - The available data on inductance sparks indicate that, 
unlike capacitance sparks , ignition  energies of f 7 l e s  are  affected  by changes 
in  electrode  materials.  Electrodes of platinum,  nickel, copper, aluminum, and 
iron have been  used to   ign i te  ethane-& and carbon monoxide - afr mixtures (ref.  
85). It w a s  shown that decreasing  density of the  electrode material generally de- 
creased the amount of energy  required to   igni te   the flammble mixture. No separa-  
t ion of the  types of discharge, that is, arc  or glow, was =de; therefore, no com- 
parison can be made uith the  results obtained  with the long-duration  capacitance 
sparks. 

Chcui t  inductance and voltage. - T& energy stored LII an inductance 5s deter- 
mined by a s-le re la t ion w i t h  inductance and current; however, there  are two 
factors that can  be present w h i c h  may cause errors in  calculations. These factors  
are  the  type of inductance used and the  c i rcui t  voltage. Sametbe.s , i n  order t o  
obtain  large  enkgies, it is necessaxyto use inductances  with metal cores, i n  which 
case some energy losses occur i n   t he  core material, as cau be concluded f'romthe 
following table  (ref. 86): 

.r 

Number of? 

cme w i n d f n g  
millijoules amp henry inductance- 

energies ,a current , inductance, layers i n  
Ignition Circuit Circuit Core of c o i l  

14 
.a .15 - .07 Straight 14 

0.6 0.35 0.01 Air 
~~~~ 

iron bar 

iron frame 
14 2.3 .09 .56 Rectangular 

a Ignition of coal gas and afr at a b s p h e r i c  pressure and 
temperature. 

Hence , the effect of type of inductance ( i f  lossee are present) is higher read- 
ings t h a n  ere  actually  present i n  the spark. 

The effect  of c i rcui t  voltage i n  the case of sparks generated  by opening con- 
tacts through which current is flowing is CuzTeRt  flawing after the energy in   t he  
inductance is dissipated. The amount of extraneous  energy caused by this after- 
current  increases with the   c i rcui t  voltage.  Therefore,  since  the actual ignition 
energy in   the spark gap is the sum of the  stored energy plus. the extraneous  energg, 
any ignition energy  values based on calculated stored energy xill be too low. This 
effect  is sham  in  the follarLng table f r o m  reference 87: 
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c i r cu i t  C i r c u i t  

~~ ~ ~ 

0.0214 . 0.77 
.0214 . .35 
.012 . 1.025 

.4  

%park- 
ignitiori 
energy,& 

millijoules 

6.35. 

ygni t ion  .of 8.5 percent  by volume mixture of 
methane in  a i r   a t  atmospheric pressure and 
temperature. 

Current  type. - Whether the  current. is   al ternating or direct  appears to have 
no effect on ignition  with inductance sp&rks (ref. 88). 

SIGNIFICANCE OF BASIC QUENCHING, FLAMMABILITY, AND IGKCl!IC3 DATA 

IN FWXTICBJ TO AIRCRAFT PROPULSIQ-BT 'pRClBIZ3S 

The data herein  presented show the environmental  conditions under which igni- 
tion and flame propagation i n  hydrocarbon-air mixtures may be obtained. With a 
Fuel-sir mixture contained.in  an  apparatus large enough t o  preclude quenching, 
there are practically no limits to  the  conditions under wliich ignition and flame 
propagation may be obtained except the concentration limits of flammability. Hence, 
if proper  mixtures can be produced i n  an aircraft conibustor, there should  be no 
basic  limitation  insofar aa ignition an$ fhmnabili ty axe concerned in the over-all 
aircraft propulsion problem. However, practical  limfta€ions  arise a t  present be- 
cause of the f inf te   s ize  of combustors, the presence of turbulent flaw, and the 
limited energy ava-le f r o m  ignition sourcea. 

There are some areas in which more .mrk is needed. The quenching, flammability, 
and ignition of fuel sprays and mists have not yet been studied  sufficiently. The 
effects  of velocity rtnd turbulence on flarmnability are s t i l l  somewhat i n  doubt. 
Only a limited amount of research .has beten  done in the promising f i e l d  of chemical 
ignition. . .  . -  

As ;yet, there is no unified  theory -that is able to  predict   quantitatively  the 
limits imposed OQ conbustion  by quenching, flammability, and ignition, f r o m  a 
knowledge of the basic Ehysical and chemical properties of a combustible mixture. 
Eowever, some qualitative Ideas can be Eresentea on the bqsis of present knowledge; 
The ideas are discussed under the three ,main types of work deicribea  in  this  chapter. 
Correlations between fundamntal  combytion  properties and conibustor performance, 
which at present must largely  take the place of a general quantitative  theory, - w i l l  
be  given i n  subsequent ckuxpters. . "  . . 

Qwnching 

The quenching effect  .of walls i s  Qways present when a flame is  encloaed by a 
duct. If flame propagation i s  t o  occurt  the  tihensions of the volume t o  be  burned 
m u s t  be larger than the qyenching distapce at the lowest presseure and most un- 
favorable fuel-& r a t i o  encountered. Even if the fhuk is stabil ized and is in no 
danger of being quenched by the w a l l s ,  the dead space s t U  exists and may be ap- 
preciable under some conditions. %'bus,: it should be  noted that the fuy U-OEB 8ec- 
t ion of the chamber is not available foy heat release. 
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In some current  tauhr-conibustor turbojet engines,  only two of the chambers 
a re   f i t t ed  wlth  spark  plugs. The remainlng chambers must be ignited  by  the  -rad 
of flame through  cross-fire tubes. Altitude  starting performance should. therefore 
be adversely affected  by quenching of the ignit ing flame if the cross-fire tubes =e 
too narrow. This has experimentally been  found to be +he case. 

Recent work indicates that homogeneous gas-phaee  quenching may also OCCD be- - 
cause of turbulent motion. Thus, it i s  possible that measures taken to increase 
turbulence and thereby improve mfxing or  extend  the  residence tfme of the fuel in 
the cQmbustor may actually result i n  no change or even a decrease i n  combustor 
performance. 

Flanrmnbility 

A self-sustained flame cannot exist i n  a mfxture unless  the fuel. concentlgtion 
is  within  the flammable range under the given codi t ions .  Consequently, excessive 
dilution of the burning zone with either fuel or air must be avoided. It should 
again be pointed  out, however, that flames sustained  by a continuous ignit ion a m c e  
such as a pi lo t  msy sometimes exis t  at o v e r 4  fuel-air r a t io s  artside the range 
of f lamaability. 

The effects  of dil*nts m u s t  also be considered. For example, if it is re- 
quired t o  burn fuel i n  an atmosphere containing  exhaust  products,  substitubion of 
carbon dioxide and w a t e r  vapor for  some of the oxygen originally  present will narrow 
the flemnable  range. If the exhauat  products are  hot,  the  increased temperature 
may tend  to compensate f o r   t h i s  mwrming. Such queetions m i g h t  arise, for example, 
if a p i lo t  flslne is required to burn i n  the presence aP reclrculation f r o m  the main 
cambustion zone of the conibustor, or i n  the case of an afterburner. 

Ignition 

Igni t ion  in  the high-speed  conbustor  can be accomplished by any of the methods 
discussed; however, practical  considerations may make some of them infeasible. For 
exemple, ignit ion by e lec t r ica l ly  heated surfaces is very  inefficient compared 
with ignition by electrical  discharges. Not only must the  mass of the  heated sur-  
face be raised t o  the required  temperature but; also a hrger volume of gas must be 
heated  because of the longer times required  to   a t t8in ignition. 

Flames or hot  gases  can be effective ignition somces,  but there must be avail- 
able an additional  ignition  source  to produce the f h  or hot gas i n   t h e  f i r s t  
place.   In  aircreft  at adverse starting  conditions, it maybe just as difficult to 
ign i te   the   p i lo t  as it would be t o  ignite the main cambustible. Ignition by  electri-  
cal dlscharge or by chemid means, therefore,  appears t o  be the most feasible 
method, although chemical ignit ion has nat been adequately  investigated. 

The ideal environmental  conditions for ignition by electrical  diecharges are 
as .follows: 

(1) H ~ ~ L I  pressure 

(2) HI& temperature 

(3) Lar gas velocity and turbulence 
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(4) Location of spark in zone of best mixture composition 

(5) Gaseous mel-dr mlxture 

(6) Electrode  spacing  maintained a t  quenching distance 

(7 ) Opt innrm . spark duration 

Obviously, it would be impossible t o   s a t i s f y  all t h e e  requiremente in an actual 
combustor, but any attempt t o  satisfy as many as  possible would result i n  lmer ig- 
nition  energies and lower-weight igqition syatems. 

Whether capacitance  or inductance sparks are the  better for ignition is a 
poi& for consideration. The data presented  herein show that capacitance marks 
can readily be var ied  over a tremendous energy range, whereas inductance sparks may 
possibly be limited t o  those  applications where low energy is required. On the  
other hand, if the data on the effect of spark  duration using long-duration  sparks 
are used as an intiLCation of what might happen with  inductance  sparks,  there may be 
some instances where inductance sparks are superior to  capacitance sparks. 

It would appear, then, that a choice  betueen the two systems would depend upm 
the actual energy required. Design and operation of the  ignition systems producing 
these twu types of sparks be  the important factor in selecting the type of 
spark t o  be used. 

The f ac t  that there is a minimum coqtact time, or fgnition  lag, for ignition 
by heated  surfaces , hot W e s ,  or   pi lot  flames, introduces  the  possibility of an 
effect  of such ignition  sources on the conibustion efficiency of combustors that  
u t i l i ze  t h e m .  If the flow rate i n  a given  burner is fixed, 100 percent combustion 
efficiency can be obtained  only if there is sufficient  resfdence time for  the mix- 
ture t o  be ignited and for   the flame t o  consume the mixture as rapidly aa it flm 
into  the chamber.  The  consumption time depends  upon the  burning  vehxlty under the 
given  conditiona.  Therefore, if the  required time for  contact  with  the  ignition 
source i s  excessively long, insufficient time fo r  burning may remain before  the 
mixture leaves the  burner, that is,  on ly  part  of the fuel maybe consumed,  and the 
combustion efficiency may f a l l  below 100 percent. 
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Volume Stoichi- V 0 1 m  
percent  ametric  percent 

fuel-air 
ra t io ,  
per cent 

- n-Perre9fins 
Methane 5.3 53.5 14 
Propane 2.2 53.8 9.5 
Butane 1.9 60.1  8.5 
Pentane 1.5 58.2 7.8 
Hexane 1.2 55.2 7.5 
Heptane 1.2 63.9 6.7 
Octane 1.0 60.3 "" 

2,2-Dimethylpropane 1.4  54.2 7.5 
2"ethylpentane 1.2 55.2  7.0 

2,2,3,3-Tetramethylpentane .8 53.9 4.9 

Ethene 3.1 45.8 32 
Propene 2.4 52.8  10.3 
1-Butene 1.6 46.8 9.3 

Benzene 1.4 50.9 7.1 
Toluene 1.4 61.1 
Ethylbenzene 1.0 50.7 "" 

Isopmaffins 

2 , 2 , 4 " b l m e t h y l ~ ~ t ~ ~ ~ 1 ~  1.1 66.3 "" 

Olefins 

k O ~ t i C 6  

"" 

stoichi- 
ometr f c 
f uel-air 
ra t io ,  
percent 

. 156 
251 
288 
323 
368 
378 -" 
201 
342 

345 

676 
247 
294 

275 

"- 

"- "- 
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TABLE 111-II. - TYPICAL DSS-SON DATA FCR ASFiC" FUEL88 

A.S.T.M. dis t i l l a t ion  Il86-52, 
Percentage  evaporated 

Initial point 
10 
20 
30 
40 . ." . 
50 
60 
70 
80 
90 

End point 
a 
Ref'. 15. 

. .. . . 
Temperature OF 

. . .   . .  . . .  - 

AN-F-48, 

148 113 338 105 

JP-4 JP-3 JP-1 

n-F-5624A MIL-F- 

14.L 362 169 218 
162 

561 473 424 299 
475 398 404 236 
441 324 393 225 
409 293  387  219 
378 mo 381 210 
349 254  377 2 02 
319 236 373 191 
288 218 369 178 
255 198 366 

100/130 5616 

Fuel 

. 
. . - - 

- . . 

c 

I Flammability limits 1 
1 Fuel-air  ratioa I Volune percentb I 

100/130 gasoline 
JP -1 .037 5.65 

&Ref. 16. 
b%stimated. . 

. 
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Stoichicanatrfc fuel-air ra t io ,  peroent 

Figure 111-1. - Tarfation of quenching dietasce w i t h  hydro- 
carbon type. Presaure, atmospheric; temperature, 212' F 
(by permission from ref. 2). 
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Figure III-3. = E f e c t  of temperature on quenching 
distance. Pressure, 29.02 inohes of mercury 
absolute (by perm$ssion from ref. 4 ) .  
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Stoiohiomstric propane& r a t i o ,  pement 

Figure III-4. - Effeot  of presswe on qu- . 
distance of propme-air flame. Ambient taper- 
ature, about 75O F (by permission from ref. 4) , 
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1.0 

.a 
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.lo, 

propane -air 

percent 
ratio, 

I 

I- 

.08 

. 062 3 4 6 8 1  

! 

1 20 30 
Fresaure, in. Hg Etbs 

Figure 111-5. - Presaure dependence of quenching 
distance of propme-air flames (ref. 4). 

c 

1 



111- 64 NACA RM E54107 

. 
7” 

d‘ 
h 

.56 

A I  
.48 

I 

.40 

.32 

.24 \ \  

.E 

.08 

0 
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Oxygen in oxidant atmosphere, percent by volume 

Figure In-6. - EPfect of oxygen concentration in oxidant 
on quenahhg distances af stoichiometric propane-oxygen- 
nitrogen  mixtures (ref.  6). 
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.2 .3 .4 .5 .6  .7 .e 
Electrode spacing, in. 

Figure In-11. - Wfect of electrode  configuration and electrode spacing 
on minimum spark-ignition energy of flaring 5.2 percent by volume mix- 
ture of propane in air. Long-dui-ation (600 microsec) capacitance 
sparkj pressure, 3 inches of mercury absolute; temperature, 8oo F 
(ref. 12) . 
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*i; .4 .3 

.2 
\\ . 

diameter x 0.7 

electrode spacing' 
\ 

\ 
. ~ _  

.6 -8 1 2 3 4  6 8 10 20 30 
Pressure, in. Hg abe 

Figure III-12. - MInFmtrm quenching distance  at 
various pressures. Propane i n  air, approxi- 
,mate- n o  percent stoichimetric (ref. 5).  
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. 
0 2 4 6 8 

GasoUne vapor, percent by volume 

BLgure III-14. - E?feot of diluents on 
flananability u r n i t s  of gasoline 
(refe. 10 arnd 18). 
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pi- m-u. - ~ o w - p r s ~ s u r ~  limits of rlams prapagation (d noxml parsirins in air in 
2-inch tube (by permission from ref. 23). 
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1 2 3 4 5 6 7 8 
Combustible vapor in air, percent by volume 

(a) 100/130 Grade aviation gasoline. Teuprature, 78O &lo F. 

Figure III-16. - Liudts of flatne propsgstion of petroleum fuels at 
reUuced pressures in closed 8-Inch-diameter tube (ref. 16). 
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U 

1 2 3 4 5 6 7 a 
Combustible vspor in air, percent by v o l m  

(b) Avlation Jet fuel grade Jp-4. Temperature, 79O *2* F. 

Figure 111-16. - Concluded. Llmlts of flame propagation of 
petroleum fuels at reduced pressures fn closed 2-inch- 
diameter tube (ref. 16) . 
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Figure 111-17. - H e c t  of mixture composition on surface 
ignition temperature of various quiescent natural gas - 
air mixtures.  Ignited by electrically heated nickel 
strips cut from sheet o f  No. 18 B an& S gage cwmercial 
nickel. kwh of strips, inches (ref. 31). 1 
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(a) Bomb method (except aa noted) . 
Figure III-18. - Effect of mfxture ccmrpoeition upon ignition teqer- 

aturee of different fue l s .  - 
(injectkd f r a m  
top of 12-in.- 
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Gasoline i n  gasoline-air mixture, percent 
by volume 

(b) Dynamic heated-tube method (by permission 
from r e f .  33) . 

Figure 111-1s. - Concluded. Effect of m i x t u r e  
composition upon ignition  temperatures of 
different  fuels. 
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Figure III-19. - Ignition  characteristlcs af' n-octane and 2,2,4- 
trimethylpentam in mixtures  of fuel,  oxyge;, and  nitrogen. 
Dynamic  heated-tube naethod crf ignition; supporting atmosphere 
flow, 230 cubic  centimeters  per minute at  atmospheric  pressure 
and temperature (by permission from ref. 33). 
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Figure 111-20. - Vmiatian of igni t ion temperature of 
gasoline i n  oxygen with varytng igni t ion lags aa 
determined by aynamic-drop method i n  p l a t i n n  cru- 
cible  (ref. 36). 
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0 

(b) Data correlation. 

Figure 111-22. - Concluded. Variation of igni t ion 
temperature of various fuels i n  air with &as- 
stream velocity.  Ignition by 1/4-inch heated 
rOdSj s t o i c h i m t r i c  mixtures; atmospheric pres- 
sure; temperature, 155O F (ref. 38). 

i 

Y 

. 

L . 

. 



8 . I .  
t 

. .  

a 1  

. . . . . . . 

d .  I* ' 

. .  . 

c .- . * ' .  

.. . . 

Igrlition lag, mc 
Flgure III-23. - Influeme o f  mild turbuJ.eace upon minimum ignition 

tempratqre of liquid aviation gaaollne In jected Into 12-inch- 
dliiameter 12-inch-vertical steel cylinder (e. 52). 



Natural gas In  gae-alr mixture, percent by volume 

Figure 111-24. - EPfect of fuel camposition on surface ignition 
temperature. Ignition of natural gas by electricslly heated 
netal stripei size of met& strips, 4.25 by 0.50 by 0.04 lnchee 
(ref. 31). 
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Gurfaca m a ,  sq in .  

Flgure 111-25. - Effect of surface area on surface Ignition tqrature of quiescent laLvtrw of 7 percent 
natural gaa and dr.  licke el igniting surface electr ical ly  heated (ref. 32). W 
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Figure 111-26. - Concluded. meet of number of carbon atoms 

per molecule on spontaneous ignition tempemtmes of various 
liquid fuels. 
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. 

Air pressme, atm 

(b) Bomb ignition  with fuel sprayed i n   ( r e f .  4 7 ) .  

Figure III-28. - Concluded. Effect of air pressure on igni- 
t ion  temperature. 
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4 
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III- 9 1  

Methane in air, percent by volume 

Figure III-29. - Effects of pilot-flame contact 
time and size on ignition (ref. 48, p. 45). 
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Figure 111-30. - Effect  of propane concentration and temperature on 
Igni t ion  lags of propane-air mixtures. l-Inch tube; flow rate 
approximstely that for minimum iguition lag (ref. 49).  
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Figure III-31. - Ignition la@ on inject ion of fuel into hot 
v i t i a t e d  air stream (refa. 51 and 52). 
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* 

"ethane i n  methane-air mixture, percent by volume 

Figure 111-32. - Effect of mixture  composition on minimum  spark-ignition 
energy and quenching  distance of' methane-air  mixturee.  Capacitance 
spal-k; pressure, 9.98 inchee of  mercury  abtrolute;  temperature. 77O F 
(ref. 11). 
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Figure III-33. - Effect of mixture composition on minimum spark-ignition 
energy of benzene-sir and natural gas - air mixtures. Capacitance 
spark; preseure, atmospheric; room tempraturej electrode  spacing  not 
maintained at quenching distancej  electrodes, stainless steel spheres 
(ref. 68). - 
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2 3 4 5 6 7 a 
Propane i n  propane-air mixture, percent by volume 

Figure III-34. - EkPfect of mixture c m p s i t l o n  ebnd veloci- 
ty on minimum spark-ignition energy of flowing propane- 
air mixtures. Lmg duration (600 t o  900 ndcrosec) ca- 
pacitance 8park; pressure, 3 inches of mercury absolute 
electrode spacing, 0.25 Inch (within wenching  diatancef ; 
temperature, Soo F (ref. 70). 
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Figure 111-36. - Effect of epark duratim on mlu1m.m spark-lgnitlon energy of flowiug 5.2 percent by volume 
mixture of propane in air.  Long-duration capacltm~ce apark; temperature, 80' F; electrode epacing, 0.25 
inch (vithin quenching dietsnce) ( re f .  7 0 ) .  
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c . - 

I n - 9 9  

Mixture velocLty, ft/8ec 

Figure III-37. - Effect of mixture velocity and pressure 
on minim spark-ignition energy of flawing 5.2 per- 
cent by volume mixture of propane i n  air. Long- 
duration (600 microsec) capacitance Spar lc j  temperature, 
800 F; ekctrode  spac~ng, 0.25 inch (witun quenching 
distance) (ref. 70). 
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Flgure 111-38. - meet of ldrture velocity, praasoter size, and 
distance frcHI pKlmoter to spark electrodcs on dnimrm w- 
ignltion energy of 5.2 percent by volume dxture  of propene 
i n  air. ~ n g  duration (appmx. 500 microeec) capacitance 
spark; pressure, 5 inches of mercury abaolute; temperature, 
80° FJ electrode spacing, 0.37 inch (quenching distance) 
(ref. 77) . - >  
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Figure III-39. - Correlation of mnturbulent-flow -tion-energy data. Fuel, 
propane; fuel-air ratio,  0.0835. 
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Figure 111-42. - Effect of mixtgre pressure on minimum spark-ignition 
energy of one  electrode  configuration. Capacitance 6parkJ electrode 
8pcing,  0.11 inch (within quenching  distance) ; spark Voltage, 600 
volts;  mixtures slightly richer than stoichiometric (ref. 7 9 ) .  
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Methane i n  methane-air mixture, percent by v o l m  

Figure III-43. - H f e c t  of mixture camposition on mlnimum igni t ion pres- 
BUT@ of methme-air ,mktures. CEbpacitance epazk; temperature, 780 to 
870 F; electrodes, spark p h g j  electrode spacing, 0.11 inch (wttbin 
quenching distance);   iepit ion energy, 8640 milli joules (ref. 7 9 ) .  
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Mixhre pressure, in. Hg abe 

plgure 111-44. - EFPect of mixture pressure of 8.5 t o  9.5 percent by Vblm mixture of methane 
mil alr 011 quenching distance of one electrode configuration. Capcitance spark; tempera- 
W e ,  7 7 O  F (by permission from ref. 73). 3 
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Figure IIIa5. - EfYect of electrode spacing and pressure on mi- Bpark-ignition energy of 
9.5 percent by volume methane in sir. Capacitance epark; temparature, 77O F (by per&- 
sion from ref. 73). 
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(a) MLnlmum sp8rk-ignition energy. 

Figure 111-48. - Effect of diluents an minimum spark-ignition energy and 
quenching &stance of methane-mygen-diluem mixtures. Capacitance 
spark; pressure,  atmospheric; temperatxre, 77O F (by permission 
from ref. 73). - 
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Figure 111-50. - Effect of mixture camposition on minimum 
electrode  spacing i n   i g n i t i o n  of n&hane-air mixture. 
Inductance spark; atmospheric  pressure and teqerature; 
electrode conf'iguration, 0.394-inch-diamter platinum 
disk and sharply pointed platinum cone] primasy c i r cu i t  
current, 1.0 amgere (ref. 8 4 ) .  
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By Gordon L. Dugger,  Dorothy M. Simon, and Melvin Gerstein 

The ultimate goal of fundamental s tud ies   in  l m i n a r  flame  propagation is a com- 
plete  knowledge of the chemical kinetics of the flame reactions. With a k n o w l e d g e  
of the kinetics, the effects of variables on the propagation rate could be predicted, 
and the problems of combustion-chamber design could be approached with greater con- 
fidence.  Unfortunately, however, the experFmental problem fnvolved i n  the study of 
kinetics at high temperatures axe ye t   to  be solved. Consequently, current  studies 
of the combustion process are necessarily conducted i n  terms of the laminar flame 
velocity, minimum ignit ion energy,  flammability limits, and quenching distance. The- 
oretical   interrelations that aze i n  accord with the experimental results indicate 
these to be funaamental properties of the mixbure when properly measured. Correla- 
tions between some of these properties and engine performance parameters show that  
the results of such studies may be of considerable  practical value i n  the aircraft 
propulsion f ie ld .  

In this chapter, an atteuqt is  made to' summarize available i-nformation on lam- 
inar flame propagation. Char8&eristics of Laminar flames - the -etructure of the 
combustion w a v e  and the   re la t ion of direct, scblieren, and shadow photography t o   t ha t  
structure - are considered. Also discussed are methods of measuring f m  velocity, 
along with effects of physical and chemical variables on flame velocity. A brief 
survey of the theory of Laminar flame propagation is presented, with particdar em- 
phasis on the Semenov (thermal mechadsm)  and Tanford-Pease (active-particle-diffusion 
mechanism) equations  for flame velmfty.  A discussion of the more sfgn&ficant exper- 
imental  evidence i n  the controversy  concerning  thermal against diffusional mechanisms 
i s  also included. Finallr ,  experimental data and methods of predicting f h m  veloc- 
i t y  are sunmarized with respect t o  their sigdficance and application to practical  
problems of cmbustion . 
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The following symbols 8;fe used i n  this chapter: 

croes-sectional ares 

exponent 

dimensionless quantities 

exponent 

constant 

specific  heat 

diffusion  coefficient 

activation energy 
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H 

h 

I 
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5 3  
KZ 
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k 

2 

dl 

M 

m 

N 

NC 

n 

P 

P 

Q 
R 

r 

dr 

S 

B 

T 

t 

U 

V 

X 

mass -f law r a t e  

enthalpy 

heist of luminous cone 

rate of production by chemical recction 

flame velocity coefficient 

empirical  proportionality  factor : 

I 
. .. 
. " 

. L 

average proportionality  constant 

specific rate constant 

length of curve 

length of flame boundary 

molecular  weight 

r a t i o  of moles of reactants t o  &lee of products 

number of C-H bonds 

Avogadro number . .  

concentration 

s ter ic   factor  

pressure 

heat of reaction 

universal gas constant 

radial distance 

distance between flow lines 

surPace area 

slant  height , 

temperature 

time 

velocity 

volumetric flow rate 

mole fraction 

. 

.r 

" . . . .  
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L 

c . 

#- 

X distance 

Z collision number 

a angle between direction of e;pproach flar md burning surface 

Y r a t io  of specific heats 

6 reaction-zone  thickness 

& expansion r a t i o  of g ~ l a  mixture 

x thermal  conductivity 

Ir vlecosity 

P density 

a coll ision diameter 

cp equivalence r a t i o  

* m o l a r  ra t io ,  02/(02 + N ~ )  

0 reaction rate 

Subscripts : 

am 

av 

cir 

a 
e 

ef f 

F 

f 

g 

i 

i g  

i n s  

il 

2 

m 

ambient 

average 

circumscribed 

diffusion 

equilibrium 

effective 

f lanE 

f u e l  

gas- 

it’ speciea 

ignition 

inscribed 

~ t h  apecies 

l inear  

mean 
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max 

0 

. 02 

0 

r 

re1 

t 

t o t  

w 

maximum 

oxygen atom 

oxygen molecule . 

I n i t i a l  conditions 

reactant 

re la t ive 

tube 

total 

weighted 

CHARACTWISTICS OF LAMINAR FLaMES 

A flam i s  a rapid,  self-sustaining chemical reaction occurring in a discrete 
reaction zone. Reactants may be i n t d c e d   i n t o  this reaction zone, o r  the reaction 
zone may mve  into  the  reactants, depending on whether the unburned gas velocity is 
greater or  less than the flame velocity. '~lhe fm velocity, w h i c h  i s  also cs&d 
burning velocity o r  normal combustion velocity, i s  the velocity at which  unburned 
gas moves through the combustion wave i n  the direction normal t o  the wave eurface. 
Thie definition refers t o  the velocity of unburned gas re la t ive   to  the flame front 
as determined at sane point beyond the  influence of the flm, that -is, at  a point 
w h e r e  the gas velocity has not yet been. altered by either heat conduction f r o m  the 
flame or the pressure field set up as a: result of the thrust pressure of the flame. 
It is  obvloue that different types of photography and different methods of 
measurement and computation from fl8m.e photographs would give different results, 
depending on haw c l o s e u  the photographs and meaeurelnents approximte the true re- 
la t ion between t& reference gas veloci%y and the flame front.  

The preheating of the g m  by heat conduction from the flame reaction zone is 
best understood  by  considering  the temperature profile for a laminar flame and the 
relation of each type of photography t o  BOW point i n  the temperature profile 88 
determined by theoretical  considerations and experimental  evidence. The bending of 
unburned gas flow l ines  due t o  the pressure f ield receives less attention  than  the 
preheating  effect i n  this report,  since its effect  on rlame velocity measurements 
i s  generally less important. 

. .. 

Temperature Profile 
a -  

Three experimental  techniques have been used recent ly   to  determine temperature 
profiles : " . .  . " .  " .  -. . .. - 

-- ". 
. .  

(1) Traversing  with  fine thermoccryple (refs. 1 and 2 )  

(2 )  Traversing with very fine elit of light and determining  flame temgerature 
from refractive index (ref. 3) 

(3) Tracing curved path af stroboscopically illuminated dust particle and com- 
puting temperature f r o m  meaaureuents of i ts  direction and velocity (refs. 
4 and 5) 
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wedman (ref. 2) used a cerazdc-coated thermocouple made by gas-welding 0.0012- 
centimeter  platinum and platinum - 10-percent-rhodium wires to  traverse a very lean 
propane-air flame ( f l a t  flame on 25-cm burner; mass air-propane rat io ,  29.2; flame 
thickness, -2 cm; pressure, 0.0594 atm). The result ing temperat,ure profile had a 
shape similar to that of figure N-1. The significance of such a temperature pro- 
f i le  is  as follows: A t  the  point xo, the temperature of the unburned gas has just 
begun t o  increase because of the heat conducted from the flame reaction. The tem- 
perature rises rapidly  unt i l  the equilibrium flame temperature % i s  reached at a 
point 5. These boundaries are not defined exactly,  since the HmLting values To 
and are approached asymptotically; but the convergence is very rapid, so that , 

the boundaries  can be defined within n a r r m  limits of T. 

Consider first the part of the   p rof i le   in  which the temperature rises from To 
- t o  a temperature T3, which marks the  inflection  point of the T,x curve. This 

e l e m n t   i n  this region &us heat by conduction from the hotter elements damstream 
faster than it loses heat t o  the cooler  eleEnte upstream. There is l i t t l e  chemfcal 
react ion  in  this regLon; hence, little beat is evolved. Calculations of reference 6 
ehar that 14 percent af the heat release occurs  before  reaching the luminous zone, 
which is generally  considered t o   b e a n  at some point beyond  (T3,x3). Consequently, 
this region may be called the preheat zone. The mass element expends i n  volume, 
causing an acceleration of the unburned gas. On passing Tg, the -IS element  changes 
From a heat sink t o  a heat source. and the curve is c o n c m  toKard the x - a s  

($ < 0). The temperature of the element continues to r i s e  because of the heat evo- 

lution fram tk chemical  reaction, and this region between ~3 and ~p msy t k e -  
fore be ce;lled the reaction zone. 

The inflection  point T3 may be called the ignition terqperature, but it is 
distinguished from the spontaneous igni t ion temperature determined i n  a s t a t i c  sys- 
t e m  (see ch. 111 and the ~tppendix), where the ignition delay time may be 10 t o  lo6 
times the period required  for the element t o  traverse the preheeat zone of a station- 
ary flame. The temperature % may be  calculated by nunerlcal integration of theo- 
retical equations f o r  sinrple decomposition  flames such as the  ethylene oxide flame 
(ref. 7 )  or determined  approximately  by careful  temperature  traverse of the  reaction 
zone by one of the methods mentioned prevfouely. 

3 

7% re lat ion of direct,  shadow, and schlieren imsges to the temperature prof i le  
is discussed i n  the following  sectione While differences in the flame mas deter- 
mined by these three typs of flame photogrsphs are pertinent to any nnsthod for 
measuring flamz velocity, most of the  discussion is gtven in terms of the inner cone 
of a Bunsen burner flame illustrated i n  +he follaring sketch: 

c- 



N - 6  NACA RM E54107 

Burned I 
& Inner cone (blue cone) 

/Outer mantle of burned 
gas (may be s l ight ly  
luminous, particularly 
for rich mixtures) 

Relation of Various Images t o  Temperature Frofile 

I t  

i 

Luninoue zone. - Direct photography, or direct observation,  reveals  the h11inOU6 
."  ". .. . . - -. . . . 

zones of the fl-. Flame velocity mearjmemetlts from airect  photographs (fig. IV-2(a)) .r 
are based on the zone of most intense  illumination, which in the case of Bunsen flames 
LE the bright  inner cone, somtimes called the blue C O W  (see  preceding  sketch). Ear- 
l y  workers i n  the combustion f ie ld  (see reviews i n  refs. 8 and 9) presumed that the 
width of this luminous  zone represented the distance between the   in i t fa t ion  of com- 
bustion and i ts  completion and that f l a k  velocity measurements  were properly based on 
the fnner edge of t h i s  zone. It has since been established that the ent i re  lumlnoue 
zone (inner cone) Hes at a temperature {very ne= the uaximum, or f h n e  temperature, 
8 s  represented by the region (4) adjacent to  inflection  point (3) in figure IV-1 (refe. 
1, 10, and ll) . Before reaching this zone of high hest release but small temperature 
gradient, the gases  experience  preheating that causes expansion and bending of the 
flow l ine  s . As a result, EL flame surface chosen at any point   in  the luminous zone i s  
too  large for flame velocity tuxmuements, which are traditionally referred to the 
unburnea gas flow. 

"&refore, direct photographs, which are the eaeiest type to  obtain provided the 
fm fe sufficiently Lurminous, produce a surface Larger than the cold gas surPace 
and may indicate  erroneously l o w  flame f i loci t ies .  

S W e r e n  image. - When schYeren photography (refe. 1, 4, 8, and 10 t o  13) i s  
used, a surface is  found that has a temperature much nearer that of the unburned gas. 
The scbl iera  method also has the advantage of a shaJlply &fined surface (fig.  N-2(b) ) 
as campared with the less dist inct  im-r edge of the luminoua zone rn the compsrative- 
ly fuzzy outer edge of the shadow cast by the cone (fig. N - 2 ( c ) ) .  In the most common 
use of the schlieren metho& for flame +elocity measurements, the flsme i s  placed in the 
parallel-beam  section of a e-type, two-mirror (or  lens) schlieren system. A knife 
edge, placed at the  focus of the secona mirror, is advanced into  the imge of the 
f in i t e   l i gh t  source s o  that it cut6  out  approxlmetely half the ugh€. The light pass- 
ing the knife edge penetrates the objective  lens of the camera, w h i c h  brings  the f Lame 
image into focua . The density  gradients in the flame cause the l ight  m, uMch are 
paral le l  as they  leave the first mirror, t o  be refracted. LLght rsys refracted in a 
direction  perpendicular t o  the knife edge by a positive &nsi%y gradient are bent avay 
from the  knife edge, and an increase i n  illumination at the COXTS6pOndirlg point in the 
flarne-image plane resulga. On the other hand, a negative  density  gradient results i n  
decreased  illumination: Thm, the brightest W i 0 n  of the flame image corresponds 

I .  

i. 

a 

I 
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t o  the maximum optical  density  gradient, which f o r  all practical  purposes may be iden- 
t i f ied  with the mass density  gradlent. Since the density p is inversely propor- 
tional  to  the  absolute temperature T, it fallows that 

ap 1dT 
aF - -paz 

This expression shows that the maxLmum of the density  gradient (flame cone edge given 
by s c U e r e n  image) does not  coincide  with  the mEudm~mt of the temperature gradient 
represented by i a c t i o n  point (3) i n  figure JY-1, but  occurs at a considerably b e r  
teerqperature represented by p i n t  (1). 

W r i m n t a l  verification of the  applicabili ty of the  schlieren surface f o r  
measuring flame velocity,  insofar as the bending of flow Unes due to temperature is 
concerned, has been obtained in   several  w a y s .  Broeze (ref. ll) investigated  the t e m -  
perature gradient  near Ghe schlieren boundary by introducing smoke i n k  the -unburned gas. Ammonium chloride, which decomposes at 3200 C, and zinc &&, w h i c h  sublimes 
at 1800' C, were used. The ammQnium chloride track disappesred about 1 urKUlmter 
before it reached the luminous zone in a butane-air flarne at a t m s e r i c  pressure. 
The point of disappearaace coincided with the edge of the schlieren image. The zinc 
oxide smoke shared a sharp drop in  density about 0.1 millimeter beyond the schlieren 
edge. Thus, the temperature gradient is very  steep i n  this vicinity.  Lewis and 
von Elbe (ref.  8,  p. 254) similarly found the preheat zone 09 a -turd &as f la re  t o  
be appmximatdy 1 millimeter thick by using stctnnic chloride hydrate smoke, which 
disappears by dissociation of the hydrate beginning at about 83O C and reappans aa 
stannic acid after passing the *action' zone. K I n s  and Wolfhard (ref. 1) studied 
the  reaction zone of flat acetylene-air f-s at low pressurea  using luminous and 
schlieren photographs  and  thermocouple traverses, ui th  qualitatively similar results. 
For a flame at 15 udUlmters of mzrcury, the mEudmum density  gradient  corresponded 
t o  a temperature of 2ooo C, whereas the maxim luminosity  corresponded t o  a tempera- 
ture near the maximum temperature.  Reference 4, reporting  studfee of the tracks of 
stroboscopically  illuminated particles af ma@eaLum oxide, and reference 13 added 
further confirmation. The majority of investigators believe that schlieren photogra- 
phy gives the image best suited f o r  fl- velocity measurements. 

shadar image. - Shadow photog~=~@~y (fig. IV-Z(c) ) has been ueed considerably 
in recording flanre velocity dah. The optical setq f o r  a shadow s y s t e m  is simpler 
than that for a schlieren system. In the simplest form, a point source of li&t is 
placed on one side of the flame and the f Y . h  is placed on the other aide. &adow 
photopaphs are also obtained by the parallel-beam nmthcd, i n  w h i c h  case the c m r a  
is focused on a p m  between the flame and the second ntirror (red shadow imsge of 
the flame). 

Formerly, m a ~ y  investigators based their flame velocity meammsments on the in- 
si& edge of the shadow cast  by the cone, but it - since been demonstrated that the 
outside edge of the shadow should be used. In reference 14, calculations were made 
of refractione of pare l le l  reya for a simple fm model i n  which the f m  surface 
of the inner cone was considered as a discontinuity between the cold unburned gas and 
the hot burned gas within the outer mantle. Coastant refractive  indices of 1.ooo3 
f o r  the unburned gas and the external atmosphere ctnd 1.00009 for the burned gas were 
assumed. The calculations  shared that tbe flmns deflected the rsys i n  such a way that 
a caustic curve of ugh light fnteneity waa formed. w distance of the caustic (rep- 
resented by the sharp demarcatior. bekeen  black and white at the inner edge of the 
shadar i n   f i g .  IV-Z(c)) from the flame axis decreased uith  increasing  diatance of the 
shadowgraph object plaae from the flme i n  a maaner similar do that observed experi- 
mentally; whereas, the outer edge of the shadar corresponded closely to  the  gosition 
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of the discontinuity in refractive  index  represented by the flm cow. Hence, flaw 
velocit ies based on the i-r edge of the shadow aze  erroneously hi@, but the  error 
decreases as the  distance betweeu the fame and the shadow object  plane  decreaees 
and  approachea zero a t  zero distance. ; 

Reference 14 states that  the- s c b l i m n  image of a flame is exactly  coincident 
with  the  outer edge of t& SW cone obwned with petrallel  lightl  therefore, the 
tvo methods should give the same values  :for flame velocity. However, the outer edge 
of the shadow is not clearly defined, wtiereas the imer edge is very sharply defined. 
The desirability of using this sharply  &fin&  surface has led eome investigator8 t o  
take shadowgraphs at several distances from the flame and ex t r ap la t e  back t o  zero 
distance (ref 8 .  14 and 15) . xfiile others have computed correction factors for fixed e 
positions  (refs. 14 and 163. " .  " e .  

I 

In summary, it may be said that the  schlieren image represent8  a  surface  near 
" . 

the start of the  preheat zone, whereas the lumFnous zone represents a region fn the 
reaction zone at  temperatures just  below the  flame.temperature. 

Stationaxy flame or burner. - The first attempt t o  measure flame velocity vae 
made by Bunsen (see ref. 17, p.  66), who determined the flow velocity through a burn- 
er at  which the flame would-  jus t  f&h back, so that the flame velocity was e m  to  
the f- Velocity. This method is accurate only- for  the case of a flat flame, which 
i n  turn is obtained only &en the  streaiu  velocity I s  constant Over the burner-mouth 
cros8  section. FLat-fLame burners have been &velapea (refs.  18 and 19) but can be 
used  only f o r  f lam velocit ies less than 15 or 20 dentimeters per second. There- 
fore, these burners are of little in teres t   for  most flame veloci ty   s tuaes ,  although 
the flat flame is idea l   for  atudylng flare structure, and the method may be useful 
in definfng lean f l m m b i l i t y  l i m i t s .  

The majority of the burner mthode employ the  inner flame cone (fig. N-2) ob- 
tained above ver t ica l  tubes or  cowergen%. nozzles, which give a more nearly conical 
inner cone and give the ~ a m e  results as cylindrical tubes when comparable methode nf 
measurement ere used (refs.  4 and 103. TUMS employed in such studies are ~f the 
o+r of 1 centimeter i n  diameter and are more than 40 ili-ters i n  length t o  ensure 
laminar flow. It is generally found that the mean approach-stream velocity does not 
affect  the results as long as the flaw i s  1,"min" and that burner diaaaater has no 
ef fec t   un t i l  the quenching diameter ieapprmched (e.g., refs. 8, p. 459, and 16 and 
20; for contrary resfits, see raf . U) . 

The mthoda of meaeuremznt of burner flames are variatione or modifications of 
e i ther  the total-area method (ref. 22). or  the angle method (ref. 23) . In the former, 
an average fLame velocity for tha  entire cone is obtained by dlvlding the volunetric 
flow rate of %be unburned gas by the s u r f a c e  &re& of the cone: 

I 

4 
" 
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uF flame velocity, d s e c  

Uo,m space mean veloci ty  o f  approach flow in tube, m / s w  

V volumetric flow rate of unb~rned gas, cm3/sec 

IV-9 

The area E$ is usually computed by assuming the flame cone to be a right cone. In 
the early  studies, % waa often computed from the height of the luminous cone h 
and the radius of either the burner tribe o r  the actd f a  base rt by the equation 

One simple method of computing % avoids the necessity of choosing between the burn- 
er diameter and the actual fLame diameter, which varies nlth both method of &tog- 
raphy and approach-flow conditions (ref. 24) : 

where 

+ area of projected image of flame reasured by planimeter, cm 

2 length of curve that generates E$ .when rotated about tube ax is  (corresponds 

2 

t o  slant height of right cone), cm 

When the assumption of a right conical. &ape becomes poor, graphical met- may be 
used (e.g., ref. 25). 

In  the angle method, a local flare velocity is ccmputed frcm the local approach 
velocity Uo and the angle a between the direction of the approach flow and the 
burning surface: 

UF = Uo sin CY (3) 

The approach velocity Uo is UBUally conputed for a given position along the flame 
by t t s s d n g  that the approach-velocity diatribution fallara the Poiseuille equation 
(ref. 8, p. 248) 

r radial distance from tube axis to flame surface, an 

rt tube radius, cm 

In some instences where cowergent nozzles M e  been used, apparent flame velocit ies 
have been computed on the assumption that the approach velocity Uo w a s  constant over 
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the  entire cone and equal to U,,, (e.@;., ref. 24). Such an assumption could result 
in  significant errors, since local veloc i t ies   wer  the central  portion of a nozzle 
may be as much as 20 percent higher than Uo,m bemse of the boundary-layer effect  
(ref. 16). 

The chief advantage of burner mete is that -the equipment is simple, flexible, 
re la t ively inexpensive,  and i s  easily  adapted  for measurements at varying temperatures 
and pressures and v i t h  Imposed flow disturbances (ref. 26). Burner methods have also 
k e n  abpted f o r  convenient  use  with normally l iquid  fuels (ref. 27).  Furthermore, 
there are obvious advantages i n  having a readily observed stationary flame. One 
disadvantage of burner methods i s  that diffusional  interchange  with the surrounding 
atmosphere alters the  fuel-oxfdant ratio, so that the flame velocity observed may not 
represent the measured fuel-air ratio: : mffwfon may -0 t o  %stabili ty,  evi- 
denced by a fluted or polyhedral flame (refs. 28 and 2 9 ) .  This instabi l i ty  might be 
remedied i n   son^ cases by using a s p l i t - f m  (Smithells aeparator)  burner, which 
allows the- gases of the outer mantle t o  burn on an outer  concentdc tube (ref. 30); 
however, such a modification  complicates  the photography. Other problems result 
from the complex flarPe shape, which directly complicates the area =tho& and in-  
directly  affects the angle method. 

The main objections t o  the area method are 88 follows: 

(1) The flame velocity near  the base af the cone is reduce& by the quenching 
action of the burner rim, and the f W  veloci ty   in   the region of the t i p  i s  in- 
creased by accelerated  heat and active-particle  transfer that results from the small  
radius of c m t u r e .  HiZiCE,-the average f law velocity may not be equal to the 
flame velocity for a plane flame. 

.L 

(2) Some small amount of gas may escape through the dead space (fig.  W - 2 ( a ) )  
between the flame base and the  burner rim, tending t o  &e the measured % too 
large. 

(3) The method makes the choice of the proper surface  (inside  visible,  outside 
shadow, o r   s c h ~ e r e n )  to be used f o r  cqmputation very  important, par t icmarly  for  
small fl.snies. 

 he errors due t o  (1) are mintmized if the  method is res t r ic ted   to  gas mixtures 
and flow r a t e s  that yfeld nearly conical flame shapes an6 t o  burner  tube diameters 
above approximately I centimeter (refs. 10 and 20). The errar  due to (2) is probably 
small, as evidenced by the lack of a discernible  separation between flame base and 
burner r i m  i n  moat schlieren photogragha. Theae errors may be reduced somewhat but 
not eliminated by using only a frustum area Pram the middle portion of the cone (ref. 
8, p. 464). The volumetric flow passing through t h i s  portion of the fl- is com- 
puted by assuming Poiseuflle flow (eq. (4)) up t o  the chosen flame 6urPace. The 
flame velocity i s  therefore computed by: 

UF = 
S 

. 
r 

" 

1 

- -  G-" 
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The frustum-area method s t i l l  requires the choice of the  proper surface i n  order 
t o  eliminate flaw-line bending aue t o  temperature rise. In addition,  since  only a 
psrt of the cone is considered, it may be even mre important to  consider  the re- 
distribution of unburned gas flow due to   the pressure field set up by the flame (refs.  
8, p. 257, and 31 and 32). The volumetric flow computed  by equation (4) does not 
correspond t o  the surface computed. hren disauwing the differences of (1) ( 2 ) ,  
the result is difperent from that obtained if the t o t a l  +rea is used. Further re- 
finement may be =de by using a rectangular  burner in w h i c h  the larger dimension is  
at least three times the smaller dimension, thus  reducing the effect  of flame curva- 
ture  when the  fhms is viewed para1 to the larger dirnension (ref. 33). 

In the angle method, the bendings of the f l o w  l ines  due t o  (1) the temperature 
r i s e  and (2) the pressure f i e ld   a r e  again  the main problem, w h e t h e r  the more coumon 
cylindrical  tubes or rectangular tube8 aze used. The kmgerature-rise problem i s  
agein solved by choosing the proper surface corresponafng t o  a low temperature. The 
pressure-field problem might be solved by using the particle-track method. The latter 
method i s  a good solution, provided that the approach-flow conditions are measured 
far enough upstream t o  avoid  pressure-field effects and are then properly relhted to 
a point on the flame surface. Iner t ia   effects  connected  with the part ic les  m u s t  also 
be taken  into  account.  Investigators who have used the psrticle--track method ap- 
parently did not  take fu l l  advantage of its possibilities  with respect t o   t h e  
pressure-field  effects. Although reference 8 (pp. 254-257) presents photographs 
sharing  the bending of flow l ines  due t o  the pressure effect,  dr and UA,t, were prob- 
ably not measured far enough upstream when f- velocitiee were c q u t e d  hwn the 
equation 

up = u; a dr 

where 

dZ length of flame boundary between flaw lines, cm 

d r  distance between flow lines at a point far enough upstream t o  avoid distortion 
due t o  pressure, cm 

mean velocity  for stream tube bounded by the two flow lines considered, computed 
for  poiseuille flow at plane w h e r e  dr is masured, cm/eec 

In reference 4, the angle between the direction of the  particle  track ahead of the 
preheat zone and the s e a c e  of the luminous zone was determined at the  paint where 
the track  intersects  the luminous z m ,  but messurenents probably were not lllaae far 
enough upstream t o  determine the  direction of the particle  track. 

A stationary flame method that is af intereat  by analogy t o  flames supported on 
a flame  holder i s  the inverted flame or  V- f l ams  arethod (ref. 8,  p. 268 and refs. 34 
Go 36). I n  this method, the flame burus abave the end of an axially mounted prire 
in the form  of an inverted cone or abave a horizont8l wire or  rod over the tube pol’t 
i n  the form c& a two-dimensional V. An apparent flame velocity may be determined by 
measuring the flame angle near the flanre holder and re lat ing it t o  a local velocity 
within the tube at that  distance from the d s  (ref. 35 used eqe. (3) and ( 4 ) ) .  The 
velocit ies  obtained  in such a m e r  are far f rom t rue flame velocities, because the 
flame thrvst causes a strong outward deflection of the flaw l ines   i n   t he  unconfined 
unburned gas approaching the fl-. Better values f o r  flame velocity could be deter- 
mined fram  inverted-cone or  V-f-e by the par t ich- t rack  methods described 
prevlously. 



IT-12 I NACA RM E54107 

Gross (ref. 36) used the V-flame i u  connection Wth a stationary flame method 
that emg1oy.a an entirely  different approach. Flame preseures were measured by trav- 
erses of the flame front of  a V-flame with a total-pressure  tube conaected to a 
mfcmmanou&er. FLame temperature6 were msaeured with a platinum and platinum - 10- 
percent-rhodium thermocouple. Flame veloclties were then computed by combining the 
equation  for  consematfan of lmmentum across a plane,  Steady-state  canbustion wave 

and the total pressure for incompressible,  inviscid flow 

Pt = P + (g) 
t o  obtain the equation for flame velocLty 

I -- 

c 
d 

where 

P static  pressure, dy-nes/crn 

Ptot 

P aensity, dm3 

2 

total  (stagnation) pressure, dynes/cm 2 

The disadvantages of the method arise from the   effects  of the total-pressure tube on 
the flow ana the flama, the corrections that must be applied t o  tot&-pressure mas- 
urements a t  low velocities, and the difficulties in  calibrating, operating, and 
maintaining an ultrasensitive pressure meter. 

Others (refs. 8 and 37) have compukd flame velocities Awn equation [ 7 )  by 
assLrming to be e q u d  t o  the ambient pressure i n  the room. vaeilesco ref. 37) 
poMta out, however, that pp is in  r ea l i t y  ~maUer than p, and that corrections 
mt be dded t o   t h e  measured value Crp po - p, ( t h e  correction may be  eeveral times 
the mag~3.tude of the meamed p, - pa). Thus, agreement  between values computed 
ffm equstion ( Z a )  and from equation ( 7 )  for pp =I pam that were reported by von 
Elbe and Mentser for acetylene flames (ref. 8, p. 266) may be a fortuitaue result of 
the choice of the method of equation (Za )  for   the  calculation of flame velocities. 

A l l  things considered, the total-area method v i t h  schlieren photography is the 
most easily executed and reproduced burner method and is pmbebly a8 accurate as the 
more cmplicated methods. 

Transparent tube. - E a horizontal, transparent tube plavlng sll i n s ide  diameter 
greater than tha quenchLng diameter and.a length of the order of 1 mter is filled 
with a hsmogeneoue cmbustible &ss mixture, which is then  ignited  (preferably by 
another small flsms) at one end of the tube, a f lame will t ravel  through the tube. 
B;v placing eui'kble orifices a t  both ends of the tub= t o  reduce reflected pressure 
waves, a uniform U n e w  flame movement over a good portion of the tube and a flame 
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of constant sbpe for that portion may be obtained (ref. X). fIbe Enear m t y  
of uniform movement i s  detemined e i ther  by timing the passage of the flame between 
two detectors such aa p h 0 t o c e ~ S  or ionization gaps or  by photographing it with a 
rotating dnrm or m a v i e  camera. The flanre velocity is calculated by a total-area 
method from the equation 

where 

U velocity of unburned gas bad of fhm= [determined by allawlng gaa pushed out 
of tube t o  blow a eoap bubble, ref. 381, cm/aec 

. uZ =ne- velocity of miform fIams mwement, cm/sec 

The setup  required for the tuhe method is simple and inexpnsive, with the possi- 
ble exception of the t u  devlces; the method rewres very mall quantities of fuel. 
comgared with burner zaethods. 7% method is inf'erior to the burner mthod for  ab- 
solute flame velocities because & the greater difficulty i n  determining 5 f'rcmi the 
m e  complex flamj shapes, a c h ,  partly because of the necesaLty of u&ng direct 
photography, are rather ezbit&ly defimd. W a l l  effects es'e ale0 unknown or diffi- 
cul t  to asc&aLn. Since the measurements are made i n  a quiescent mixLure in a 
traneparent tube, the msthod i s  lees readily adapted for measurements at presames 
o r  temperatures  other  than roam conditions than i e  the burner olethod. 

The tube method shares with the boldb and soap-bubble met- the advantage that 
the flama is not exposed to an external atmosphere, and as a result determinations 
may be mede over a slight- wider ~ ~ ~ n g e  of compositions (ref. 39). It i S  bezeved 
that relat ive f a  velocit ies OT trends ipdicated by the laethod are 88 good as those 
obtsined by other methods when a consistent and reaeonable =am of determining Sp 
is used try a s i n e  investigator ( g r o ~ l ~  tht w a ~ .  effects, prt~cUlarly chemical 
effects,  may be neglected). TO this end, a simplified equation f o r  determining % 
f o r  the flames, which usually take the shape of gendelllpsoids, waa presented i n  mi" 
erenca 80: 

where 

rcir radius of circumscribed circle about projected fhms i-, cm 

rim radius of inscribed circle, cm 

Soap-bubble or   constant-pesure bomb. - In  the soap-bubble method (refs. 42 t o  
4 3 1 ,  8 hamo@;eneous couibuetible mixture is  used to blow a soap bubble arauad a pair 
of spazk electrodes. The mixture is spark-ignited, and tbe growth of both the sphere 
of fhue and the S o ~ p  bubble Is recorded by a rotating drum or movie CEumm. The 
flame velocity i s  calculated from 
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where 

rfh f inel radius of sphere of burned gas, cm 

ro initial radiils of soap bubble, a. 

E expansion r a t io  of gas mixture 

The method i a  simple In principle E& offers (ideally, at least)  the desirable 
feature of a spherical flame shape. Since the f faal flsme d i m t e r  is rather Jsrge 
(10 t o  20 cm), the typ of photography u e d   t o  define the flame surface is less im-  
portant  than  with burner or tube met-. On the  other hand, the  experimental Wfi- 
culty i n  determining rrin is C0n~ider8ble because of afterburzling and the poeei- 
b i l i t y  of nonspherical flame growth due . t o  (1) gravity effects  when slw-burning 
m i x t u r e s  such ae paraffin hydrocarbon - ,air, are uaed or (2) nonisotropic  propagation 
(wrinkled surface) when very fast-burning mixture.e such 88 hydrocarbon-oxygen axe 
Used (ref. 43). The spark-Ignition system should be investigated  to avoid effects  
of spatial   velocity (ref. 43). Water eoap bubblea camot be used where w&er has an 
agpreciabk  effect on the flame velocit j i n  this caae S p e C i u  glycerin  eolutione m ~ y r  
be uaed for  the bubble ( refs .  42  &d 439. In   e i ther  case, diffuEiOn through the con- 
fining film and the effectB of %he camponentx of the film on the burning  process must 
be considered. A recent improvement of - the method i a  the use of an inert ataaosphere 
around the bubble t o  Mnate afterburuing (ref. 42). The method may be used at 
various pressures by placing the eoap-bubble equipment within a large preseure- 
controlsed chamber. 

Constant-volum bomb. - I n  the conetaat-volume bomb method (refe. 8,  44, and 45), 
the combustible mixture is ignited i n  the center of a r ig id  e p h e c d  vessel of the 
order of 30 centimetera i.n dieter.  Photographa of the grorlng sphere of flame and 
one o r  more continuous pressure  records: are  obtained simultaneously. As the f m  
progressee, the expansion of the burne& gas causes both the pressure and temperature 
of the unburned gas t o  increase because of adiabatic compression. The temperature 
increaae  causes  the flam velocity  to  increme continuously from the center toward 
the w a l l s .  

" .- 
I I  
b 

- 
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The flame velocity msy be calculated by two methods. I n  the firet, for any 
instantsneous flame diameter observed from the photographs, the volume occupied by 
the burned gas before combuetion is ca lcu la ted   r l th  the aid of the press= record. 
The equetlon for I!+ derived from the .differential.  equation  for  adiabatic campreasion 
is (ref. 44) 

p s t a t i c  pressure at time t, dyne8/cm2 

r bomb radius, cm 

rF flame radiue at ti= t from photograph, cm 

b 

Ir . 
.A 

y r a t io  of specific heats i n  unburned gas at instantaneous  conditione T and p 
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In  this method, two differential  quotients are required, and Q i s  obtained as a 
difference of quantities of conrpsrable magnitude, so that errors in   these  different ia l  
quotients and other data are magnified. A 10 to  15 percent scatter i n  data may result 
(ref. 8, p. 476). 

The secbnd nrethod uses only the pressure record, f r o m  Mch rp i s  calcuhted 
and may be campared with the observed r a.8 a check: F 

and 
t 
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Lewis and yon Elbe (ref.  8, p. 499) present an example of a CO-02-H20 flame fo r  
which the  calculated r i s  consistently about 1 percent higher than t ha t  observed. 

They state tha t  even this smal l  difference i s  par t ia l ly  due t o  the error i n  observed 
rF, which results from the use of direct photography to  b a t e  the flame front. 

F 

B e  experimental  advantages of the bouib method are that it allm good control 
over the initial temperature, pressure, and  humidity of the unburned gas and it re- 
quires only smaU amunts of gases. Its disadvantages are tha t  the apparatus i s  m- 
plex, the calculations are lengthy and are dependent on very  rapid,  accurate  pressure 
masurements,  and the flame velocity var ies  continuously during a run. The spark gap 
width and energy must be properly matched to  o b t d n  spherical flames (ref. 45). While 
the pressure-record method W g e l y  eliminates  errors due t o  convection  currents f o r  
slow-moving flames, there is st f l l  difficulty  with  nonisotmpic  propagation  with  very 
fast flames o r   i n  mixtures -that show diffusion inst-ty  (tendency of f m  t rout  
t o  break into cel ls because of concentration  gradients  set up by preferential  dif- 
fusion af the lieter components of the mixture). 

The bomb method, using only the pressure record, may prove t o  be the most ac- 
curate method f o r  determining f lam velocities; as such it could be use& t o  establish 
absolute values of flame velocit ies,  w h i c h  could i n  turn be used t o  appraise the 
accuracy of simgler burner methoas. I 
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Evaluatiq of methods. - Since there are large dFfferences in flame velocit ies 
reported by vm5.0~~ investigators  for the same fuel-aidant mixture at tbe same condi- 
tione (tale IV-I), the engLneer who w ~ s h e s  to compare -ta fran various sources must 
use caution. For a giv-en experimental methcla, particularly the ysrioue burner met-, 
meaauremnts that are msde from scblleren photogmph8 are probably nearer the true 
flame velocity than measurements based oh dfxect or shadow photographs. Of the methode 
f o r  u~aemring f m  velocity, the canetat-volmm bomb method (using the ~ T X Z E S U I V Z  
record only) may prove to be most precise (-1 percent). I n  general, Bunsen burner 
met- m the simplest, cheapest, most versati le,  and most productive. Of the &- 
OUB burner lrvsthode, the total-area method 18 probably the simplest, has a precision 
at least as good as t b  other =tho&, and has an accuracy comparable with most  of 
them. TLbe tube,  soapbubble, and bamb methods are particularly good under conditione 
where a i r  disadvantageous characterist ics are unimportant far very smaU quantities 
of gaees. Unless otherwise stated, a precision of f5 percent i s  &out the average t o  
be expected when a single method is ueea by a single iwestigatorj this fact ehould 
be kept in mind when considering relative chanEpee i n  flame velocit ies ar comparisons 
for various fuels such as those  given i n  the a p p e m .  

W e c t s  of C h u r i c a l  Variables 

In the greeent survey, fhme velocit ies are reparted ae relative values referred 
t o  ~ a m e  standard fuel-oxidant rdxture or condition. This i s  done in   the   be l ie f  that 
i n  many cases one investigator using a given  experimental technique may correctly 
detefadne the trend or relative change i n  flame velocity as one particular  variable 
i s  changed, even thorn s m  characterist ic of his technique makes the  absolute  values 
questionable. Except when otherwise noted, s reference flame velocity of 100 is 
assigned the fuel-air mixture that has the cornpositton far maJdmum flame velocity, 
an initid temgerature of 250 C, and an initid. pres- of 1 atmosphere. 

Fuel-olddant ratto.  - As the f u e l " a n t   r a t i o  ts increased, flame velocity 
passes  through a nwdm at an equivdence  ratio cp (fuel-oxidant r a t io  diaded by 

-5 and the agpendix. '3% curve of flame velocity  against equivalence ra t io  i s  more 
or  lese synrmetrical  about this maximum, for w h i c h  the equivalence r a t io  will be 
called 'p-. W e  9- is Bom3wh8t a function of the lllethod of measurernut; the 
& determined by the tube method i s  usually larger than tihat deterndned by the 
burner method (e.g., ccmpare data f rau  refs. 46 and 47). The vslue of 9- ten& 
t o  shift from sl ight ly   r ich back tars;rd stoichiometllc 88 ei ther  the initial mixture 
temperature or t h e  percentage of a x g ~ e ~  I n  the d d a n t  i s  increased (or a l u e n t  d ~ -  

stoichiometric fuel-ddant mt io )  between 1.0 and 1.3, a~ s h m  by figures IV-3 to 

m w d )  a ahoKn by fi-6 IV-B (ref. 16) and IV-5 (ref. 48). 
The flame ~ l o d t y  the le811 flammebflity llmLt ((p - 0.5 t o  0.6) i s  of the 

or&r of 1!4 to 1/3 the maximran (&e. 18 a& 39). Flame velocity determinations 
with hyaK>casbons are lindted an the r i c h  side because the flame shapes become ir- 
regular or unusua~ with e i ther  open or confined flames (e.g., r e f a .  29 and 39; flame 
ins tab i l i t i es  are discweed f%&her i n  ch. VI). 

It may be noted in figure N-3 that the fractional change in f l a n ~  velocity 
with  equivalence ra t io  i s  the same for t3"ee fuele for equivalence ra t ios  smaller 
than cp-. If a logarithmic ecale were used f o r  Q, it vould be seen that a linear 
relation between % and log cp e ldete  for  cp < 1: 

. 
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An interesting  variation of the preceding relat ion is the  plot of the logaxithm 
of the t o t a l  bond dissociation energy of the fUel per unit volume of mixture against 
flame veloci ty   i l lustrated by figure N-6 (ref. 49) . It may be seen that the   correh-  
t ions are l inear   for  lean mixtures and that the lines extrapolate t o  the lean limit 
of flame propagation  (zero f a  velocity) i n  a 1-inch flame tube. The &vantage i n  
using  the  total. bond dissociation energy rather than  simply cp is that the maximum 
f lame velocit ies of all three fuels may be estimated by extrapolating  the  linear 
portions of t he i r  curves t o  a commn value of the total bond dissociation energy, 
1.75 kilocalories per  liter. However, both the slopes of the lines  and the energy 

were obtdned by the tube  Ethod. 
for ?F,max depend smwbat on the method of measurement of I&; the data presented 

A correlation was also observed between the equi-nce ra t io  for maximum flame 
velocity and the total bond dissociation energy of the fuel. ~k N-II (ref. 49) 
shows that, f o r  the C4 and c6 hydrocarbons tested, the total bond dissociatfon 
energy per unit volume of the hydrocarbon-air.mfxture  corresponding to  the ndf iure 
giving the m x i m u m  flame velocity (tube method) is nearly constant, with en average 
deviation of only 0.9 percent from the average  value.  This  deviation is less than 
1/3 of that obtained by simply assuming that the mmzhuum will occur at an  average 
equivalence r a t io  of 1.15. It be noted that  the average t o t a l  bond dissociation 
energy of 1.96 (kcal / l i ter)   for  cp- is W f e r e n t  f r o m  the 1.75 that gave ~~ 

flarne velocit ies from the linee;r extmpolation  in  f igure N-6, because the data i n  
that figure began t o  deviate from the s t ra ight   l ine  before cp,, was reached. 

An avenue of experimsntal  study that ma;y clmify  the  react ion  kinet ics  of flames 
is the determination of fLame velocit ies  for  fuel-qgen-nitrogen system i n  w h i c h  
the concentrations ere varied i n  such a way that constant fleme temperatures are 
maintained. If the effective msan reaction-zone temperature Tm is  also constant 
and the  reaction mechanism does not change with  camposition, the t rue effects of fuel 
and oxygen concentrations on flame velocity and hence on the over-all reaction rate 
might be expressed by 

where 

a,b empirical exponents expressing  reaction order of fuel and oxygen, reepectively 

T mole frackion of fuel i n  unburned gas 

mole fraction of oxygen i n  unburned gas 

The exponent a i s  determined by s t d y i n g  mixtures for a c h  ~ 2 1 ,  and the w- 
nent b i s  determined when cp (1. In the former case, i s  practically con- 
stant; where=, i n  the latter caae, K i s  practically constant. 

2 

In reference 50, flame velocit ies were determtned at constant calculated adia- 
bat ic  flsme temperatures for hydrogen-, carbon monoxide-, and methane-corygen-nitrogen 
systems. The empirical  ewation  for %-02-lT2 f o r  % /Xf between 0.8 and 8 at 
20COo K is 

2 
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UF = 7650 + % + 54 2 
2 

% = 13.3 In(,, + 14.9 

No empirical  equations were reporbed far H2-OZ-N2 at 2250° K o r  for CO-02-H2 at 

2000° K. 

Zeldovich {ref.  51) reports experimnts  with  lean CO-02-N2 mixtures i n  which 
the carbon  mnoxi.de concentration was held conatant and the 02-Nz ra t io  was varied 
so that the flm temperatures ware essentially  constant. The flame velocity, and 
hence the.reaction rate, was found t o  vary by less than a fsctor  of 1.5 when 

was varied from 0.20 to. 0.72. Similar  experiments  with  lean mixtures show that  flame 
velocity is proportional  to  the square root of the carbon monoxide concentration i n  
the  reaction zone. 

2 

I n  sumnsry, the flame velocity  passes tbrough a maximum L$ at a fuel- 
oxidant ra t io  sl ightly  r icher than stoichiometric. Far lean hydrocarbon-air mixtures, 
flame velocity Etnd equivalence r a t io  msy be related by an equation such ae 

?- 

The logarithm of the t o t a l  bond dissociation energy of the f u e l  per unit volume of 
mixture wes found t o  carreLate both the fLame velocit ies of lean mixtures of a given 
fuel with air and the equivalence ra t io8   for  maxLmum flame velocit ies of various 
fuels. Studies of the effects  d fuel,@ oxygen concentration on f a  velocity a t  
constant flame  temperature may be of importance i n  understanding fLame reaction ki- 
netic~; t o  date, vary llttle work has been done on thfs  particular phase. 

Molecular structure of hydrocarbn. - In  references 38, 40, 46, and 52, a sys- 
tematic  study was made of the effect  of molecuhr structure on mcximum flame velocity 
using  the improved tube method (eq. (10)) except fDr .* higher-molecular-wight, - 
normally =quid fuela, f o r   m c h  a schlieren image total-area (eq. (a)) burner 
method was used. Flgure N - 7  shows the   effect  of the number of carbon atoms i n  t b  
s t ra ight   chdn   for  alkanes, alkenes, alkyres, aIh&Lelaea and &nee. The effect  af 
methyl substitution on alkane, alkene, alkyne, and alkadiene molecules mng four 
carbon atstoms i n   t h e   s t m g h t  chain i s  8hmn in   f igure  Iv-8. I n  general, increased 
chain  length or methyl substitution  decreaees flame velocity, except f o r  the alkanes, 
which are not appreciably  afPected by either.  These t m  figure8 also emphasize the 
effect  of uneaturation: The flame velocity  increases i n  the order alkanes alkenes < 
dkadienes (for which isolated e conjugated < c d h d  double bod) -8. 

The effects  of c y c l o d k a ~   r i n g   s i z e  and of aide-chain-substituent  eize i n  a 
given cycloaLkane are shown f n  figure N-9, and the effect0 of alkyl sub&itut$on 
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i n  a benzene ring are sham by data i n  the appentlix. The f a c t  that the three- and 
four-membered cycloalkanes have flame velocit ies greater than the corresponding 
alkanes, w b e r e a s  the five- Etnd six-membered rings have flame velocit ies near the 
corresponding alkanes, i s  i n  keeping  with the general  chemical behavior associated 
~ t h  ring compounds. small, saturated rings generally exhibit BO- double-bond char- 
acter, but  laxge ones do not. Cyclopropane had a flams velocity I3 percent  higher 
than i ts  isomer propene; and spimpentane (two three-membered r ings  joined  together 
by  one C-C bonds had a flame velocity (see appendix) 13 percent higher than  the 
fastest isomeric  pentadiene flare; this indicates  that three-mettibered rings are some- 
w h a t  mre effective  than double bo&. Iche addition of alkyl groups t o  -tic d u g s  
shared no defini te  t rend,  sometimes reducing flame velocity, s-times not affecting 
it. 

2 . a ~  effects of type of oxygen linkage i n  oxygen-containing compounds are d o  
suggested,  but  not w e l l  established, by data i n  the appendix. It appeaxs that flame 
velocity  increases  with  the  type of linkage i n  the order  esters -= ethere < alcohols < 
aldehydes and ketones < alkyl oxides. This suggested order is baaed primarily on 
data from reference 52, with the position of alcohbls snd esters suggested by the 
data of reference 47. Other measureroents f r o m  reference 47 are in  conflict   with  the 
suggested order. !BE m=asurements  were .baaed on the inner edge of the shadow cast by 
the Bunsen cone, using only the upper part of the cone. I n  general, the agreement 
between relative values given by references 40 and 47 is god,  as shown by figure 
IV-10. The maximum flam ve loc i t i e s   de t edned  for fuels other  than  those of ref - 
erences 38, 40, 46, and 52 have been put on a relative basis -and are included in the  
appendix. 

In reference 53, an empirical correlation is obtahed   in  which the &mum flarne 
velocity of a hydrocarbon burning  with a5r is Calculated from the sum of the  contri- 
butions of the various E-C bonds in the fuel molecule according to 

where NA, NB,  Nc,  ND, %, NG, and NE &re the nunhers of =thane, primary, sec- 
ondary, tertiary, alkene, m e ,  cyclohewl, and aranatic C-H bonds, respectively, 
per unit volume of hydrocasbon-air mixtures; and KA, 5, Kc, . . . are the flame 

velocity  coefficients of these bonds. For the epecial cases of C-H bonds on carbon 
atam placed alpha to (next to )  the alkyne CS2 bond, a factor equal t o  0.96 w a s  
Fntroduced in to  terms representing these alpha bonds. F l a n ~  velocity  coefficients 
eetablished from 34 by5mxar-s gave an average deviation  in  predicted flame veloc- 
i t y  of 1.9 percent. In the evsluetion of these  coefficients,  ethene w a s  excluded, 
since its coefficient deviated by more than 5 tims the avemge. These coefficients, 
based on an experimental reference fLame velocity of 100 fo r  propane , are given i n  
table IV-111. Inasmuch 88 the  coefficients are averaged f o r  34 hydrocarbons, the 
computed value f o r  propane is 97.7 ccmpared with the exgerimental  reference  velocity 
of loo. 

The general effects of molecular structure may be summarized 88 follows: In- 
creased  straight-chain length, chain branching, side-chaLn substi tution,  or ring 
size  of cycloalkanes  (except for cyclopropane-cyclobutane reversal)  tends t o  decrease 
flame velocity; whereas unsaturation  tends to   increase flame velocity; all these 
effects  become smaller as the size of the molecule is increased. The flem veloc- 
i t i e s  of oxygen-containing  compunds are believed to f o l l m  the order esters  ethers < 
alcohols < aldehydes and ketones < alkyl oxides. 

Additives,  sntiknocks, and fuelblending. - Reference 54 reports the  effects on 
fLame velocity of s a  additions ( ~ 3  percent) of ather f u s  to r i c h  c i t y  ges - 



Iv-20 NAG4 M E54I07 

asplayed -dation phenomena in low-temperature oxidation and hence  were expected 
t o  decrease the induction  period and increase flame velocity. Despite  apparent dif- 
ferences i n  oxidation  properties, canrpounas changed the fw velocity CluurLnoua- . .. 

cone total-area method, Using skirted burner) in exactly  the 6- way that dilution 1 

d t h  Bxcess fuel &dl on the b a s i a  of m g e n  requirement. There was no  phenomenon 
equivalent t o  the effect of aldehy& m reaction rate i n  the low-temperature oxfda- S I  

t ion  of hydrocarbons. "" f " 

. .. 

In propane-air-additive  (isooctane, benzene, acetone,  methylethyl  ketone, carbon 
monoxide, acetalde-, &ethyl ether, owgen, hydrogen, ana nitrogen) nr~xtures,  
however, reference 55 ~ t a t e ~  that the 6mBJI but  distinct changes i n  flame velocity 
were not strictly  additive.  Additive  concentrations  mounting to 5 t o  30 percent of 
the total fuel were useaj i n  many cases, the flame velocity of the binary mixture wa8 
m a t e r  than that of e i ther  component. The reference also states that the change in 
theoretical  flaane temperature does not sufficiently explain the results, but that a 
1~m-kLn~8r cC&?r&tion a t h  ( 6 . q  4- -k w&S ObtdEd.  

t 
f 

Studies wlth moist cexbon monoxide (re. 8, p. 463, and ref. 17, p. 121) show 
that i t s  flame velocity i s  r e i s e d  appredably by the " L i o n  of small amounts of 
hydrogen or hydrogen-containing fuels (a water  vapor,  see later discussion) . For 
example, the replacement of 1.5 percent af the  carbon mondde by hydrogen r d m d  
the flame veloclty of a mol. st carbon monbxide - air f h  by 40 percent or a moist 
carbon monoxide - oxygen flame by 45 pe?.ymt; i n  both  cases, this increase was con- 
siderably  greater  than  that  expected by a simple mixing rule. Even fuels with flare 4 

velocit ies smaller than the moist cabon monoxide cawed a marked increase; for P. 
example, 1 percent of hexsne increaeed  the f Lame velocity 29.5 percent. On the other 
hand, carbon disulfide, which contains no hydrogen, had the opposite effect .  

. .. 

It might be expected that common antiknock additives would especially decrease 
flame velocity, but such i s  not the cam  in  constant-pressure combustion. Tetraethyl 
lead had no effect  on the flame vabc i t i ea  (maasured appFoxLmately  by a b a l l i s t i c  
i-ae meter) of isooctane-& ndxtures at temperatures qp t o  5000 C, or on g-butane 
up t o  3ooo C (ref. 56). Above ZOOo C, the flame velockty of 2-butane yas msrkedly 
diminished by preflae &dation, a c h  in turn was suppressed by the  addition of 
te t raethyl  lead. W conclusion was that the antiknock effect  of te t raethyl  lead 
must not be ascribed t o  a decreased f b u e  velocity. However ,  i n  an internal  cmbus- 
t ion  engine it i s  kueved  (ref. 57) that, toward the e& of the piston  travel when 
the pressure I s   r i s i n g  rapidly, the inhibiting  effect of €etraethyl lead i s  very 
great, The addttion of 0.36 percent tetraethyl lead 01 5 percent e thyl   n i t ra te  had. 
&*effect on the flame velocit ies (cone height, burner method} of 20 fue ls  of various 
types at room tenqerature [ref. 58). Ukewlse, i ron pentacazbmyl did not appreciably 
decrease the fLame velocit ies of ether 7 carbon monoldde f-s (ref. 17, p. 122). 

4 

. .. - 

.-. 

When two fuels  A and B are blended i n  various proportions,  the mrudmum flame 
velocity of the  blend i s  gaerally greater than that which would be computed from the 
maxinrum flame velocit ies of the  individual f u e l s  by a simple mifing r u l e  : 

and X are the mole fractions of A and B i n  the fuel blend.  Refer- 
t d  flame velocit ies of various binary nr~xtures of any two of the fuels  

methane, ethene, acetylene, carbon monoxide, and hydrogen Were greater than those 
obtained by the simple mixLng rule. A s  an e-h, figure N-ll for bydrogen plus 
carbon mncdde i s  presented. I n  reference 60, a similar result was foUna for pro- 
pane plus carbon momxLde3 the &mum flame velocity  occurred with a f u e l  mixture 
of 96 percent d r y  carbon monad.de and 4 percent propane (35 percent total fuel mixed 
with &r) and v a s  63 percent greater th&n the value obtdned frm equation (a). 
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For the  correlation of flame velocit ies of rdxed fuels,  reference 61 presents 
an  equation which i s  simplified i n  reference 62 t o  the form 

where 

xf, j i t y  % 
mole fract ion of jth fuel in  mul t i fue l  lnixture with air that  has flame veloc- 

X' mole fraction of Jth fuel i n  i t s  blm mixture a t h  air that hae same flame f, 3 velocity T+ as multifuel mixture 

fo r  a mixture ~f two fuels  and air, a plot of [$ l/~;,l] against &,&,3 
should ,give a strEdght line with intercepts [l,O) and (&,1). Reference 62 preserte 
studies of ternary mixtures of propane, air, and either ethene or m g a n  sulfide. 
Equation (22) was found to be valid for popam plus ethene but imralld for propane 
plus hydrogen sulYide, as sham by figure N-12. According to reference 62, the data 
represented by figure N-12 show that hydrogen sulfide i s  an effective flame velocity 
inhibitor; such a statement i s  znisleading, since the addition of similar quantities 
of nitrogen to propane-air mixtures causes comparrabla decreases i n  flame velocity, 
as can be computed frim the data of reference 48. 

Water vapr : The pronounced promating effect of water vapor on the fLam4 veloc- 
i t y  of carbon monoldde h s  been observed by many investigators. For 45 percent 
carbon monoxide i n  air, the flame velocity passes through a maxLmum after a w -  
mately 5 v o l m  percent water has been addad, at w h i c h  point the flame velocity i s  
2.1 times the  value  for, 0.7 percent water (ref. I?, p. 121, and ref. 63). Heavy 
water [deuteri~m &de) increases the ve-ty of cezbon monox~de by a emaUer 
amount than  the same percentage of 0rdinez-y water (ref. a}. ~~ b i s  e e c t  is as- 
cussed later i n  connection with studies of dauterated acetylane. 

With hydrocarbons, water vapor has a slight inhibit ing effect; for a butane-& 
mixture containing 2.8 volume percent water, the flanne velocity is  ~ppmxLmst.ely 8 
to 10 percent lower then that f o r  a similar mixture containing 0.08 percent water 
(ref. 65). 

Inert diluents: A decre~lae i n  the percentage of n i d g e n  i n  t h e *  prims;ry aAr 
with which a fuel pUrne causes a masked incre- i n  flame .yielocity for R given 
equivalence rat io .  For example, the effec t  of increasing the molar r a t io  
02/(02 + NZ), hereinafter  called q, i s  sham i n  figure IV-5 f r u n  reference 48. Ref- 
erence 66 reports that, for fhns   ve loc i t i e s  of propane-, ethene-, and isoachne- 
oxygen-nitmgen mixbures measured by a schlieren total-area method, the mEudmum flame 
velocity i s  a Unear function of f far the r8.uges studied. '5- data are pre- 
sented i n  figure N-13. Addftioual data on madmum flame yelocities of fuel-oxygen- 
nitrogen systems are reported i n  references 8 (pp. 460-467), and 43, and are  
p l o t t e d   i n  agure N-14 as  relative flarne velodty,  referred to  the due with eLr 
f o r  which = 0.21, m u s t  9. 

Figure N-14 shows that the  re la t ive fbm= velocity of ~ ~ ~ g e n -  
nitrogen mixtures continues to  inaeaae markedly as 9 i e  increased t o  1.0, but that 
there is some tendency for the rete of kcr- t o  d h i n l s h  i n  the region f = 0.5 to 
1.0. m e  effect appears t o  decrease as chain len@rth or -matura t ion  of the hydrocar- 
bon increases. The effect of $ on Up is apparently mch smaller for hyclrosen 
carbon monoxide flames. On the assumption that a. linear re lat ion between 
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and should. be obtained for a limited range of in   the  vicini ty  of 0.21, which 
is the  region most l ike ly   to  be of interest  f o r  &-breathing englnee that  might be 
subject  to  local oxygen enrichment or vitiation,  empiricd.  equatfons of the form 

have been computed where possible.  %!e are summarized i n  table IV-IV, i n  which 
are also included  equations of the fom. 

fo r  propane-, ethene-, and isooctane-oxygen-zritrogen mixtures f'rm reference 66. 
The effect  of changing the  dlluent from Mtrogen t o  an equal volume of another 

inert gas is of i n t e r e s t   i n  that the vmiationa  in  specific  heats (and hence flame 
temperatures), t- conductivities, and affusion  coeff ic ients  of the a b n t s  
allow sotmwhat  more c r i t i c a l   t e s t s  of the  various approximate theoretical  equations 
f o r  flame velocity  (table IV-V) . Table N-VI shows maximum f Lame velodt ies ,   re la t ive  
to an arbitrary  value of 100 with nitrogen as the inert gas, for  several fuels burning 
with primary aAr i n  which the nitrogen has been replaced by an equal volume of argon, 
helium, or carbon dioxide (refs. 8, 17, and 67 t o  72). In a31 cases t h e   f l a w  veloc- 
i ty   increases  as the  diluent i s  changed f r o m  carbon dioxide $ d t r o g e n  to argon t o  
heurn. AS the ratio 02/(02 + inert)  increaaes, the effect  of -ng the diluent 
i s  d r ,  because the common due of 100 f o r  02/(02 + iner t )  =I 1 i s  approached. 

Effects of pb3rsical Variables 

'Pressure. - Rrom the  contradictory data reported in the l i terature ,  it appesrs 
that the accurate measurement of the pressure dependence of fLarne velocity i s  very 
d i f f icu l t  and that at present all reported  pressure  effects must be questioned. Sone 
recent  measuremnta (t- IV-VII, ~ r o m  re f .  73) ~ n ~ c a t e  that the flame velocit ies 
of stoichiametric methane-, propme-, and ethene-air mixtures independent of 
ressure, whether measured by the constant-volunae bamb method or  the slot-burner 
luminous) method. References 74 EUXI 75 report the iIazue vel-ocities of acetylene 

burning with w g e n ,  oxygen and axgon, or air (pressures > 10 urn Hg] and of propane 
and d r  (pressure > 20 mn ~ g )  t o  IX in*pen&nt of pressure. BE f- velocit ies 
were msasured by a luminous-cone angle naethod, and the burner  diameter was increased 
i n  proportion t o  the pressure  decrease.  Reference 76 confirms the independence of 
flame ve lod ty  of p r e s e m  using the 8sap-bubble method. It i s  believed {ref. 76) 
that earlier  results  obtained by a burner method, which showed a pressure  effect, 

9 

Were probably -68 r e l i a b k .  

On the other hand, reference 77  ports that, even though the burner diameters 
were varied, there was a pressure  effect such that the f l aw   ve loc i t i e s  of propane- 
air and ethene-- udxtures were inversely  proporti&  to  the logaslthm of pressure 
i n   t h e  range 1/3 t o  1 atmosphere. w propane-air  curves o f  'reference 77 a m  re- 
produced i n   f i g m e  N-15 and, for various  tube diemeters, approach & cOnrmOn upper 
envelope. 

Many other investigators also rem pressure  effects. In general, the majarity 
f ind flame veloci ty   to  be inversely proportionsl t o  pres- ra iaed   to  a power be- 
tween 0.1 and 0.5. 9% pressure dependences indicated by some of the. mre recent 
studies  [refs. 19 asd 73 to 8 l >  are sumwized i n  table IV-VIII. However, unt i l  the 
effect of apparatus on the measurement of the pressure dependence of flame velocity 
i s  more clearly resolved, it i s  assumed that f h e  velocity i s .  independent of pres- 
sure i n   t he  range of interest  for jet-en#ne combustion chambers. 
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Temperature. - The initial temperat- of the- unburned gas mixture has an ap- 
preciable  effect on flane  velodty.  As an exaznple, data. f o r  propane-air  obtained by 
a shadowgraph total-area method are pre~ented i n   f i gu re  N-4. Ihe re lat ive  effects  
of initial temperature on the &mum flame velocity of methane-, propane-, and 
ethene-aLr flames are shown i n  figure IV-16. References 16, 37, 52, 54, 66, and 82 
t o  89 present  extensive  studies of the temperature effect .  A summary of these  effects 
i s  given i n   t a b l e  N-IX. The only references that are purposely omitted from table 
N-IX are  those  covering  too smal l  a temperature range t o  be significant,  investi- 
gating nonhydrocarbon fuels not likely t o  be of interest ,  or contaLining results that 
are questionable o r  contradictory to   the  more extensive  studies. Where possible, 
an  empirical  equation of the form 

%,re1 = + c'po 
b 

i s  given. The relat ive flame velocities computed from these  equations are referred 
t o  an arbitrary value of 100 at 25O C. The flame velocity is  a function of To 
r a i sed   t o  a power between 1.4 and 2.1; the exponent varles #ith the temperature  range 
covered  and with the fuel .  Since propane i s  a fafrly  representative paraffin hydro- 
carbon, most blends  containing a preponderance of para;ffin hyamcarrbons would be 
reasonably w e l l  represented by the equation 

fo r  the temperature range 200° t o  615' K. For the smaller temperature range 290' to 
4200 K (or 5200 t o  76@ R), it might be assumed that % a <.". Alternatively, the  
percentage change of meximum flame v e l o d t y  could be determined from the propane curve 
(fig. IV-16). 

A method of empirical prediction  for ethene, as mll  as methane and ppopane, 
and hence useful f o r  both parraffirrLc and olefinic  fuels,  i s  demonstrated i n  reference 
16. A very good l inear  correlation between computed adiabatic  eqpilibrlum hy-drogen 
atom concentration pH and flame velocity & s t s  f o r  each of tke  three fuels. Them 

correlations  indicate that, if f o r  any s i m i l a r  fuel, mEcgLmum flame velocit ies are 
known f o r  any two initial temperatures, the maximum flame velocity at any other Gem- 
perature can be computed. The equations for temperaturea from to 6@ K f o r  
methane, propane,  and  ethene, respectively, exe 

$,rei = 2.91-9 p~ - 50 

Electric fields. - Laminar flame velocity does not seem t o  be affectetl by elec- 
t r ic   f ie lds .   In   reference 90,- longitudinal  direct- and alternating-current fields 
were  applied to  propane-& flames. The potential was applied between the burner 
r i m  and a spherical  electrode placed in the burned gas near the flame. The direct-  
current  f ield (4000 v> caused a 5 percent &crease in the &ace e a  of the luminous 
cone. The simple periodic  afsturbancee of the f h m  surface caused by the 
alternating-current  field (0 t o  6000 v at 400 c p s )  had no detectable effect  on the 
total surface  area. The surface area, and hence tlae flame velocity, was independent 
of the amplitude and phase of the dieturbance. 
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Reference 91 presents measured velocit ies of burner f-s of butane and air i n  
transverse  electric fields (electrodes on either si& of the f h ;  o t o  15,000 v 
potential). flame cone was &f&cted toward the negative.  electrode. LO& f h n e  
velocities were caquted from the particle-track method of equation (6)? it was found 
that the f- velocity  increased on the- side of the cone near the  positive,  electrode 
and decrease& on the  negative side by as mkh as 50 percent of the o r i g i n a l  value. 
The average  flame velocity  (total-area method) was probably  not changed appreciably. 
The observed variations in local fLame v e l o d t y  vere in the direct ion  to  be esrpected 
if positive  ions  played an active role i n  flame propagation. 

Acoustical  and mechanical disturbances. - The effect af 6ound on propane-air 
burner flames was sleo studied in reference 90. No change i n  flame surface m a ,  and 
hence no change in flame velacity, was observed. Reference 92 likewise reports no 
effect  of  sound (12.7 kc and known intensity) on the surface area of propane-air 
flames. In reTerence 25, however, fla& velocity was increased by 7 or 8 percent, 
ana souna  of u~dium intensity was most ef'fefective. 

Reference 93 reports  investigation of vibrating flames of =thane, c i ty  gas ,  
propane, or ethene  that  traveled through transparent  tubes of various lengths and 
diameters against gas .velocities slightly s m a l l e r  than the fLame velocfties. With 
carefully  selected compositions and flow ratee, flames -ere obtained that, after 
traveling partmy dam the tube, became saucer-shaped so that they were f la t  over 
the major portion of the cross  section. Contxlaeration of (I) the c i r c d t i o n  of 
unburned gas ahead of the f lanre .indicated by the curling and uncurling of the flame 
edge8 toward the unburned gas, (2) the lack: of vibration at the point where coupling 
of an oscil latory heat s o m e  and a r ibrat ing gas column .should have been optimum, 
and (3) photographic evidence that waves in the unburned gas  r e c e d e &  from the flame 
front at an essentially  cQnstant rate, led t o  the conclusion that variatione i n  flame 
velocity were small. 

Reference 26 s ta tes   that  di8aCtvantages i n  the mthods used in generating elec- 
t r i c a l  and acoustical  disturbances i n  reference 90 were (1) no aowance  for a meas- 
urement  of the initial. amglitude of the flow disturbance  introduced  into the flame, 
and (2) complication of acoustical  disturbances by resonance effects. A mechanical 
disturbance, which could be applied  locally  to the flame and the aurplitude of mch 
could be measured accurately, w ~ b s  obtained with a wire that touched the flame and 
vibrated perpsndicular to  the flam front  surface. The resul t ing  dis toeion of the 
flame surface was similar t o  that obtainea wLth the alternating-current f ie ld  o r  the 
sound. The surface area of the periodically disturbed flames, and hence the flame 
velocity, m a  unaffected. 

THEKBIES C F  LllMINAR F W  PROPAGATION 

The  phenomenon of laminar flame  propagation  can be described by the use  of the 
basic equations of fluid d y n a m i C 8 ,  modified t o  account fo r  the Uberation and con- 
duction of ka t  and f o r  changes in CIE~MLCLL species  within the reaction zone. (AII 
excellent r e v i e w  of the theoretical  concepts of Laminar flame propagation as of 1951 
i s  given by ref. 8,  pp. 337-351; see also ,ref. 9.) The formulation of the problem 
requires equations of continuity for e a c h c h e m i a  component, of state, and of con- 
servation of energy, momentum, and t o t a l  mass. I n  order t o  solve these equations  for 
a unique flame velocity  (eigen value), the f o m n g  SimpUfying  assumptions are 
made : 

(1) me flame i s  one-dimensionaL . 

(2) The fla i s  steady  with  respect t o  time. 

# 
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(3) Velocity  gradients may be neglected; hence, viscosity terms in the momentum 
and  energy  equations w y  be ignored. 

( 4 )  Pressure is e s s e n t i u  constant across the flame front, so that the equa- 
t i on   fo r  conservation of momentum may be ignored. 

(5) The effect of gravity is negligible. 

(6) The loss of energy by radiation I s  negligible. 

In  order  to  solve  the mass and energy  equations, boundary conditions must be 
selected. The hot b0Unda;ry for  the flruoe reaction zone is assumed to be the condi- 
t ion  of thermodynemic equilibrium at the adiabatic fm temperature T = % at 

x = L. The selection of a cold boundary with respect t o  the chemical reaction  in- 
volved i n  these equations  requires - justif ication, because the reaction rate 
never falls to zero ip it follows an Qirrhenius type relat ion 

cn a exp (-E/RT) (x)) 
where 

E activation energy, ~al/moh 

R universal gas constant, 1.987 cal/(?K)(mle) 

(u reaction rate, (molecules of resctant)/(cm3)  (sec) 

However, some reasonable  approximation for a cold-boundary condition must be found. 
The choke of this cold-boundary condition i s  Intimately related t o  the question of 
whether or not a unique flame velocity exlsts i n  an essentiaUy adiabatic s y s t e m .  

Consider a tube of in f in i t e  exLent, adiabatically  isolated frm the s m a n g s  
and without  heat-absorbing walls, filled With cbmbustible mlxture as follows: 

A flat flame is  sham moving in to   the  unburned gas. Since the pipe i s  of infinite 
length, the unburned gas far from the flame will be changing i n  ccqposition and tem-  
perature because of the finite (albeit extreme- slow) rate of exothermic reaction, 
even at To. Only if the increase i n  temperature and change i n  composition exactly 
comgensate with  reepect to flame velocity  effects would a consteat flame velocity be 
possible. Zeldovich (ref. 51) has Bhawn, and it umy be seen by comparison of the 
effect  of initial temperature with the effec t  of dilution on flame velocity (see 
previous data sections),  that such  compensation does not occur f o r  carbon monoxide 
fhmee. This suggests that i n  an in f in i te ,  adiabatic system a unique flam= velocity 
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does not  exist. Bowever, the  reactions at To axe very slow, and there is, there- 
fore, a very long period of f Lame travel  before a Easurable change i n  flame velocity 
would occur. If the equations f o r  flame propagation  including a time dependence were 
se t  up and solved for short periods of time, the i g d t i o n  temperature as a boundary 
condition  should  not be required. If a l teady state i s  assumed, as i s  usually done, 
an ignition temperature is  required i n  the in f in i t e  s y s t e m .  

Suppose,  however, that there is a wng chmber a short distance from the flame, 
as follows: 

mixing -c Unburned Burned 
chamber ga gas 

.) x-\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 
A i r  

The problem of slow reaction at 821 inf ini te  time ie thus eliminated, but the presence 
of the mixing chamber in the neighborhood of {even several meters fmm) the flame 
means that a small  but finite transfer of heat t o  the mlx ing chamber and a small 
but finite back-diffusion of products must occur. Elirschfelder (ref. 941, whose 
comprehensive equatiow are presented hqxLnafter, has indicated that the temperature 
drop t o  the mixing ch-r need only be 10-6 '% but that the heat transfer i s  re- 
quired t o  deecribe a steady-state flame .with a unique f- velodty. m s  kind of 
cold-boundary condition  closely approximates the con(tit1ons under which experimental 
obsemations are made, and accounts, at least in part, fo r  the apparent  existence of 
a steady-state flame when theoretically such a fm does not exist. 

Wen the temperature  profile for  a l~minar fhme (fig. TV-1) was diecuesea, it 
was pointed out that there is a temperrtture Tg at which the chemical reaction be- 
comes appreciable to   the  extent   that  a element of gas changes from a heat a i d s  
t o  a heat Bource. As will Zse shown i n  the follarlng sections, most of the simpll- 
fi,eed equations f o r  flame velocity  are  obtained by aseuming the temperature T3 to be 
the cold boundary f o r  the reaction zone. With this assumption, the energy  equation 
can be integrated  for  the  preheat zone (To t o  T3) and the reaction zone (T3 t o  
TF) and solved f o r  flame velocity by eqwting the two integrals at the T3 boundary, 
where dT/dx must be the same f o r  both zones. 

Comprehensive Equatione 

The following equations are formulated in reference 95 to describe the steady- 
state, orae-dLmensional flame: 

Continuity equations: 

For each component: 

. 
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For the  total:  

Energy equation: 

L' 1 
Equation of state: 

N-27 

It i s  assumed that the cold boundary is terminated by a f m  holder that has 
two properties; It prevents back-diffusion of product molecules in to   the  gases out- 
side the cold boundary of the flame front,  and it extracts an mount of heat s, 
from the flame: 

Since  equations (31) to (33) are formulated i n  terms of individual cbemfd 
species, it i s  necessary t o   i b n t l f y  each chemical species  occurring durlng the cam- 
bustion  reaction and t o  know the enthalpy,  molecular w e i g h t ,  and other  properties of 
the species. It i s  also necesssry t o  know the specific rates of chemical production 
for a sufficient nuniber of species so that the rest may be calculated from the chemi- 
cal equations  relating  the m o u e  species. In order t o  deteznd.lae these chemical 
kinetic  factors,  the scheme of reaction occurring I n  the f b  and the rate constants 
f o r  each  independent step i n   t h e  scheue must be established. Eut this information is 
completely lac?dng f o r  bydrocarMn-eLr flam=sJ indeed,  few homogeneous, low- 
temperature chemical reactions have been incontrovertibly esttabllehed. T b e  compre- 
hensive  equations of Hirschfelder and Curtias have been solved by apprcdmate nrethods 
for only a few of the simplest f-s - f o r  example, the emmethane (ref. 95) and 
ethylene oxide (ref. 7) decomposition flames and the ozone fhzw (ref. 94). 

Although the comprehensive theory of laminar f-s is necessary for an under- 
standing of flmre propagation, it is  currently impossible t o  use it t o  predlct flanre 
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velocities of hydrocarbons o r  the effects of changes i n  experimental  vaxiables with- 
out makfng further Bimplifying  assumptions. It i s  desirable t o  develop simpler 
equatiom  for these purposes, even i f  some of the theoretical exactness is lost. 
Some of the approximate equations, w h i c h  usually emphasize only one process of the 
t o t a l  mechanism such as the heat-conduction  process o r  the active-particle  diffusion 
process, have proven quite  satisfactory for the prediction of flame velocity. 

Approlamebte Equations 

Thermal mechanism. - Both the early fLame velocity  equations of Mallard and 
LeCbkelier, Xusaelt, Jouguet and Crussexd, Daniell, and Damkohler and the  equations 
more recently  reported by %chert, B E W L A O ~ ~  and mua, JXEKT, and strong are based 
on thermal concepts (ref. 9). 'IJhe ~ r i g i n d  , frequently quoted U-LechBteUer  
equation ms obtained simply by equating the sensible heat gain i n  the preheat zone 
t o  the heat conducted from the reaction zone at the T3 boundary: 

where  it was assuoled that 

hence , 

Tp - IP3 

%-x3 (37) 

W h e I - 8  

Assumption (37) regards the T,x curve as linear i n  the reactlon zone with a slope 
equal t o  that at x3 as determined by approaching x3 through the preheat zone. 
It. involves the chemical reaction rate only indirectly though the reaction zone 
thickness (xF - x3). ALL authors since and LsCtmteUer b v e  included some 
consideration of the reaction rate. The early equations  included an ignit ion t e m -  
perature; however, it i s  not easy t o  determine the proper  ignition temperature to 
use i n  such equatione  (see  previous  discussion of T3 and f ig .  N-1) . 

Zeldovich and Frank-Kamnetsky have derlved an equation for f Lame velocity for  
w h i c h  the beginning basic  equations were quite comprehensive. In i ts  final simpli- 
f i ed  and approximate form, it includes  effusion of molecules but not  free  radical^ 
and atoms. As a result, it emphasizes the them mechanism.  Semencw (ref. 96)  hae 
presented the derivation of this equation i n  detail. =cause this equation,  herein- 
after c u e &  the Sernncrv equation, has been widely used in the correlation of ex- 
perimental flame velocities of hydrocarbons, i ts  derivation i s  discussed briefly. 

In   the Seuenov derivation, an ignition tenlprature is used only 88 a mathematlcal 
device f a r  approximate computation. Semenw a a m ~ ~ = s  that this ignition.temperature, 
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above wWch nearly all. the reaction occurs, is near the flame temperat-, because 
the chemical reaction rate is an exponential  function of the temperature according 
t o  equation (30). apprcndmations, the ignition teurpsrature is entirely  eliminated 
from the final equation,  thus making the equation more usem than the previous ones. 
The following assumptione, in addition t o  that regarding ignition temperature and 
those stated heretofore for the cauprehensive theory, are ueed: 

(1) affusion is important o w  as it affects  energy -ce. 
(2) Flame velocity may be described i n  terms of an over-all chemical reaction; 

equations are set up in terms of zero-order, m s t - o r h r  (monomolecuhr), or second- 
order (bimolecular)  reactions. 

(3) s p e c s i c  h a t  c and them conductivity x are constant. 

(4) dif'fusivity x/cpp is equal t o  molecular diffueivity D. 

(5) Total n m r  of mOlecUles is constant. 

The basic  equations, which may be compared with the comspo&ng exact equa- 

P 

tiona (32) t o  (34), are as fo l low:  

Continuity  equstion: 

Energy equation: 

Equation of state: 

P= TO 
PO T 

W h e r e  

D a f fus ion  coefficient, cm2/sec 

4 concentration of reactant, m o ~ c ~ l e s / c m ~  

Q h a t  ~f reaction, c8l/um>cUe of reactant 

The energy eqpation  consists of three terms, the first representing the heat 
gained by a m88s element  through  conductfon fram a hotter element downstream,  the 
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second the loss of heat through mass tranefer, and the third the heat evolved by the 

reaction occurs; and in the reaction zone x3 to 5, it if3 aesm& that the net 
energy loss  due t o  ms8s transfer be neglected i n  comparieon with the chemical 
reaction and heat conduction terms. With these assumptions, the equation i s  solved 
for L$, by integrating over the preheat and reaction zones separately and establish- 
ing the condition of continuity by equating dT/dx at x = x3 for the two zones. 
The result is  

chemical resction. In the preheat zone -xo t o  %, it is assumed that I10 chemical 

In order t o  evaluate the reaction-rate  integral  in  ,equation (39), an Arrheniua- 
type temperature relation is assumed. It is generdly assumed that the over-all re- 
action is bimoleculiw and second-order H.th respect t o  fuel and oxygen. Follaring 
the  Smnov  derivation, the rate integral  is evaluated aa follows: 

. " . 

where 

?r 

n f ,eff 

noz 

%2,eff 

P 

z 

fuel concentration,  mo~ecu~es/cm 

eflective mean fuel concentration ~n reaction zone, molecUles/cm 

oxygen concentration, molecules/cm 

3 

3 

3 

effective mean mygen concentration i n  reaction zone, molecules/crn 3 

steric factor 

coll ision number;  number of mokc~lar c o ~ s i o n ~ 4 [ c m ~ )  (sec) when the con- 
centration i s  om molecule af each type per cm 

Selllenav states that the apprcudmation f o r  the exponential term obtained from equations 
(a) and (a) is  satisfactory for %/E 5 0.1. 

Appraxima-k solutione must be obtained  for the effective  concentration terms. 
The relation between concentration and temperature is first established  for a zero- 
order  reaction as follows : A new variable, 0 = cp{T - To) /&, is introduced  into 
the energy equation t o  give 

c 

4 

c 

c 
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which i s  formally identical  with  the  continuity  equation (324, became by aseumption 
( 4 ) ,  x/cp = ~p. It can be sham that the b0undm-y condftions of these equations 
coincide at x. an& 5. If n’ = for the entire  interval,  s re lat ion between 
concentration and temperature i s  obtained: 

Equation (42) means tha$ the sum of chemical and thermal energies is constant through- 
out the flame (a  condition that holds only w h e r e  assumption (4) is valid). Following 
the approximation technique used by Serenov, this relation is modified for x+ 
and %2,eff for the bimolecular  reaction aa follows : 

For r i c h  mixtures, cp =+ 1: 

Jeff 

rn rn 

% ’ E E(TF - To) 

(nf ,0k2 ,Js t  
stoichiometric  fuel-wgen  ratio 

Corrections may now be applied to 8011~3 of the assumptions as follows: Assump- 
t i on  (3) is corrected by the use & a man value ~f x/cp f o r  the preheat zone, and 
it is assumd that. physical properties In the reaction zone mag be represented by 
their values at %. For the bimolecular reaction, assumptions (4 )  and (5) are 
corrected by inserting the factore (X/. p ~ ) :  ana m2, respective-, m r  the square P 
root sign; m is the r a t i o  of moles of reactants to moles of products i n  the stdckt- 
ometric  reaction. These correction  factors ~ n d  equations =a), (a), (43) or (a), 
and (45) are subetituted  into the flame velocity  equation [39). After collecting 
terms, the resulting  equation  for rich mixtures is: 
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For lean  mixtures,  the term [l - (1 - p)/q] is replaced by [I - cP(1 - p)] , and fo r  
stoickitometric mixtures it becomes simply $-  

A l l  the factors in equation (47) except P and E can 'be estimated by ex t r ap -  
le t ion of thermodynamic tables (refe. 97 emd 98) and by use of the folluwing 
equations : 

P i  = D p , i X r  

x = (c; + &) 
D = 1.336 - I.r 

P 

where 

c ' molar heat capacity, -/(g-mok) (OK) 
P 

c 
+I 

(49) 

w -" 

p vlecosity, poises 

a coUlsion diameter, cm 

The values af p fo r  combustion-product mixtures were determined by the  additive 
volume analogous t o  equation (47) a d  were MtMn 1 percent ~f d u e 8  calculated 
by the method of reference 99. 

For lack of better knowledge, lox-temperature & i n t i o n  energLee reported in 
the literature for the appmpoeiate hydrocarbon caddation may be substituted for E. 
For example, the  following  activation  energies (kcal/g-mole) were used fo r  burning- 
velocity  predictione in references 49 and I&: =thane, 51 (ref.  100) 3 prapane, 38 
(ref. 17); and ethene, 40 (ref. 101). I n  reference 49, the   s te r ic  factor P wa8 

calculated from each  experimental flame velodty .  These values of P were then 
averaged t o  g~ve B for the erollp ~f h t a  unbr   cons ibra t ion  The ratio & pre- 
Meted t o  experimental flame velocity was calculated a8 F/p)i/2 for each point. 

Figure8 IV-17  and -18 illustrate the agreement betyeen  e,?qerimental flante veloc- 
d the re lat ive values obtained by d t t i p l y l n g  the experimental  values by 
. The relative  predictions arre satisfactory  for  these  three- to  sevenfold ;G;lE 

increases in flams velocity that result from changes i n  inltial temperature or 
Oz/Nz ratio. The accuracies of these and other predictfons for  mthsne, ethene, 
and propane are indicated  in  table IV-X by the average percent  deviation of @/P) 1/2 
from unity  for each of the data ranges  studied. 

c 
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Equation (46) may be further simplified f o r  p z t i c u l a r  purposes by maldng addi- 
t ional  assumptions. Far example, in order t o  predict the effect  of initial mixture 
temperature on flame velocity, the nontemperature-dependent terms be eliminated 
t o  give ( re f .  16) 

&re it i s  assumed that, the physical  properties of the cambuation-zone mixture have 
essenti-  the ~ a m e  temperature  depndences 813 the same properties have for air; 
these temperature t I e p h n c e s  for air are estimated (ref. 102) ae f o m :  x 0: $=a, 

has been ne-cted; Serenov actually did not  consider Z, and it does not greatly &- 
feet the results of equation (52). Relative flame velocities (ref. 49) predicted by 
equation 52) are almost as good a8 those obtained with the more tedioua proqedure of 
equation t 47). 

c cc qpo9 
P 5 9 , o  a p a T-1; ana D a p/p a $06~. TIE temperst- t&pen*llCe of z 

Thue, the Semsnov equation, which i s  based primarily on a the& ~ c h m i a m  but 
is mre coarprehensive than eerlier them theory  equations, gtves satisfactory rela- 
t ive  predictions  for flesme velocit ies as either the initial temperature or the r a t i o  
o ~ / R ~  i s  varied mer a range or  e g u i m n c e  r a t i o   i a  varied over a narrower 
range (table N - X )  . 

Mffusional. m e c h a n i s m .  - Several approxfina-te equations far burning velocity have 
been derived in which the Wfueion  of atams and free radicals has been considered 
of major importance. These equations are based to scwe degree on speculation, but 
they do fol lm from coneiderations of flarne structure and the  possible  influence of 
a Bmau concentration of reaction-chain  initiatore on the rate of the chedcd E- 
action and subsequently  on the process of f l a E  propagakion. 

The reasoning for a diffueional ~~er?hnnfsm begins with the assumption that po- 
tential   oxidation  chsin c a r r i e r s  such as hydrogen and -n atams and -1 radi- 

. ~ a l s  are present i n  the f w  front (zone of meA?num temperature) i n   t h e  thermodyllgmic 
equilibrium  concentration for the flame temperature {ref. 103). Because some of these 
particles, eepeddly hydrogen atoms, dim rapidly, it i s  further assured that  the 
concentration of chain carr iers  in the colder unburned gas ahead of the flame fro& 
i s  increased by diffueion t o  a value far greater than the themdynamic equilibrium 
concentration  for that region (e.g., table N-XT, fram ref. 104)- A concentration 
prof i le  similar t o  that shown in figure IV-19  is  obtained. Even i n  the cold &as 
these active particles react rapidly, becauee chemical reactions  involving atms and 
free radicals gene- have low energies of? activation; that is, the reartion rate 
is not very dependent on the temperature. Thereftxe, theae  active part;icles could 
serve as in i t i a to r s  of the axidation  reaction. Since the concentration & active 
particles  reaching the unburned gaa by diffusion must be related t o  the emma con- 
centration in the flame front,  the conclusion i 6  tbat flame velocity should be re- 
lated to   the  equilibrium concentrations at the adiabatic flame temperature. 

It i s  d i f f i cu l t   t o  measure the concentration of hydrogen atoms i n  a flarae zone, 
but hydxoxyl radicals [OH] may be obaerved spectroscopicslly. By u6e of t h i s  =tho&, 
it was found i n  reference 105 that the relative concentration of hydroxyl radicals 
remdned high i n   t h e  unburned gas ahead of the visible f lme zone (fig. IV-20) . Ref- 
erence 106 shows that the xidth of the reaction zone for several by&oca;rbon-air and 
-oxygen flames as determined frcrm the tempersture profi les  of the flamea is raughly 
equal t o  the  limit of diffusion of hydrogen atoms f r o m  the flame f ront   in to  the un- 
burned gas. Measurements and cd-culatione such 88 those of table N-XI substantiate 
the assumption that the concentrations of act ive  par t ic les  that diffuse &ad of the 
flame may be large enough t o  be important. 
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From studies of the slow &dation of hydrocazbons (ref .  8, pp. 94-2021, it -F 

seems probable that the chemical  resct$.on i n  the flame follows a chetn mechanism. 
As previously  stated, the activation  energtea of reactions between f u e l  molecules 
and chaSn carr iers  are low (ueudly 10  kcal or less, i'ef. 107). &me,  the assurnp- 
t ion that the  introduction of a few chain  c&ers into relatively cool gas could 
i n i t i a t e  the fhnk reaction may also be valid. Iche diffueion model of flame propaga- 6 u- 
tion  thus  qualitatively follows known features of the structure of the flame and the i 
oxidation  reaction. Tanford and Pease' (refs.  lM, 108, and 109) have derived an ap- 
proxlmte  equation  for flame velocity based on the diffusion e l .  In a d a t i o n   t o  
the aeeumptions l i s t e d  for  the comprehensive theory,  the  following  simpuflcatione 

. .  
. "" 

.L 

a d  =6UI&iOnS W e r e  made: 

(1) Chain branching does not occur. 

(2) TIIhe rate-controlung  step (or. steps) i n  the  chem~cal  reaction is the 
reaction of an active  particle,  such aB the hydrogen atom, with a fuel molecule; 
for example, 

H + CH4 -t products (53) 

(3) The number of active  particles i s  calculated from the lineerr continuity 
equation 

. .. 

6 

t 

(54) 

Ii rate  of production of the  active  speciee  regardlees of reaction order of proceee, 
? ~ O k C ~ l e 8 /  (cm3) (sec) 

(4) The ra te  of formation of c-ustion products per unit area of flame swace 
can be m i t t e n  as the integral of 8 sup of a number of t m ,  one f o r  each active 
part ic le  : 

where 

ki specific rate conatant for r e a c t b n  between it' active  species 

(5) Through each unit area of' flare surface, the unburned gas is converted at 
the f m  veloc i ty   to  products of complete combustion, so that another  expression 
f o r  product  formation i s  I 

(56) 

Y 
r. 

1 

J 
. .  
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(6) The fuel concentration, cambuetion-zore  tempelstture, and diffusion coeffi- 
cient are expressed as constant mean values, np m, 'Sa, and %, respectively. The 
r a t io  V T o  is c a d  em, and "$D is arbi t&ily assigned the value 0.7 TF. 

Complete detu of the derivation are given i n  reference 109. The continuity 
equation (54) is solved f o r  9, which is then  differentiated t o  give &@x. By 
equating the t w o  simplified expressions f o r  product  formation under (4)  and @), 

the square-roat l a w  f o r  flame velocity: 
substi tuting  for a4/&,  and eng tRe i n d i a h d  integration, there i s  obtained 

% =  

where 

Bi dirraensionless factor  {near unity) that a l l m a  for radical recombimtion 

4r 

em 0.7 TF/T, 

Tanford and Pease have substituted D f o r  D~,J~:, thus aesumLng t ha t  t h  af- 

fusion  coefficient is proportional to the s q u a r e  of absolute teuperature. 
130 

For predicting relative flame velocit ies of hydrocarbons, equation (57) hs6 been 
modified (ref. 49) as f o l h x s :  The active partlclea are coneidered t o  be H, OH, and 
0. It is  assmd that Dl varFes with the 1.67 parer of ahsolube temperat= and 

that Bo = Bm = 1. It i s  -her asaumd that the specific rate cO"bant8 ky of 
equation (55) can be replaced by a weighted mean Specific rate constant Q repre- 
senting all three active micles so that 

The required flame 
8SSumiUg adiabatic 

L 

temperature and active-pzmticle  concentrations axe calculated, 
thermal equilibrium, by the method of reference ll0. DifYusion 
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coef'f'lcients are computed by the Stefan-M,%xwell equation (ref. l l l )  t o  be 1.78 for 
H, 0.28 for m, and 0.4 for 0 at 298O K. The quantities  n 

Yb are calculated from a knowledge of the over-all bxidation process and the initial 
t , m J  'f,o, X 02,0 t 

and 

fuel  and w e n  concentrations. 

With them  modifications and substitutions,  equation (57) has been  used i n  two 
ve;ye with comparable success. In  the flrst case, kw waa treated as a semiempirical 
constant Independent of temperature; it was calculated far each flame velocity f r o m  
equation (57). average Q for t& group of data under c o n e i ~ m t i o n  va8 called 
%, and the   ra t io  of predicted t o  lneesured flame velocity W ~ S  calculated &B 

&/k)'/'. The mean deviation of this factor from unity is given i n   t ab l e  IV-X. 
I n  the second method, the Arrhenius rate expression 

- 

was substituted. The two unk~~~wns Pw . and Ew i n  this expression were calculated 
simultaneously from the flsme velocity data i n  which the inttial temperature was 
varied. The result ing % W&B used fo r  the prediction of burrdug veloci t ies   for  
the mate hydrocafboff under other  experimental  conciitions. Far each e t  of experi- 
mental data s new Pw was calculated  (table IV-X) . 

Fairly satisfactory  predictions of meximwn burning velocity for  hydrocarbon-air 
mixtures i n  ach the  nolecubr  structqre (chaln length, branching, saturation,  etc.) 
of the hyam.car-bn is varied m ~ y r  be made by ei ther   the Tanford and Pea equation 
( f i r s t  method, k, independent ~f temperature, r e f .  n2) using an average eaptricaI 
rate  constant fo r  all campounds  e-pt acetylene and ethene, or by a simplified farm 
of the Sem=nav equation  using an average s t e r i c  factor and a constant  activation 
energy of 40 ldlocalaries par gram-mole fo r  all compounds except  acetylene and ethene 
(ref. lL3). Examples af these predictions are sham i n  the f o M n g  table : 

Hydrocarbon I n  
a f r  

Burning v e b i t y ,  cm/sec 
Measured Cekuhted  by Senem Cdculated by Tanford- 

Base eq. (ref. 112) eq. (ref. ~ 3 )  
Methane 

37.2 37.3 38.5 EeXana 
99 .o 37.7 39 .O propane 
40.2 33.9 33.8 

2-Methylbutane 36.6 37.1 38.8 
2 , 3 - T X ~ t h y l b U t ~ ~ ~  

38.3 37.4 38.7 -1- 
46.0 48.6 48.5 1" 
64.9  61.3 69.9 -0pYne 
41.7 40.7 39.3 2-Ethyl-1-butene 
42.0 41.7 42.1 l-IleXetX 
48.9  45.3 43.8 Propene 
37.0  36.6 35.9 2,2,3-TrimethylbutW 
39.1 37 .O 36.3 

Benzene 44.5 40 -4 40.7 

" 

.I. 

t 
f 

.. 
rd 
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b€Lsce'loRnnous appmfimate  equations. - Other equations for burning velocity that 
are elther based on a difFusLonal mechanim or include a diffusion concentration M e  
been derived by Van Tiggelen, Gayaon and Wolfhard, md. Manson. DetaLls of these bed- 
vations and references t o   t h e  orfglnal papers are gLven i n  reference 9. - final 
burning velocity  equations axe stated below: 

Van TLggelen: 

Ifhere 

M mleculex weight of active  paxticles 

% mean temperature & reaction zone 

E probabiUty of occurrence of chain-branching reaction 

e' probaMllty of occurrence  of dudn-breaklng reaction 

Gaydon-Wolfha;rd: 

wbere 

8 reaction-zone thickness, cm 

Manson: 

3 
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f o r  I in equation (63). In this case, agdn  an average proportionality  conatant 
deSigE&ed as Fz w a 6  used f o r  each set of experimental data (Bee table IV-X) . 

Table IV-X and the other work reported in reference 49 show that burning-velocity 
predictions from either form of the Manson equation are not 88 consistent as those 
frm the Semenw or the !BmTord-Pease equation. The average deviation of the pre- 
dicted velocities f r o m  measured vdues  is about the san~ for   the Semenw equation and 
f o r  the Tanford-Pease equation (method (2))  using m empirical  activation energy. 

Neither the Tanford-Pease equation  nor  the Ekmenov equation  gives as good pre- 
dictions of burning  velocity when the empirical factor determined  with one variable 
is used to   p red ic t  the effects of other  variables. When the empirical factor cal- 
culated for ethene flemee from equLvalenc;e-ratio data was used in the Semenov equs- 
t lon  to   p red ic t  flame velocit ies wer the ranges of initial temperature and  oxygen 
concentration covered experimentdly, the predicted velocitiee dlffered from the 
measured velocit ies by an average of 14 percent. The maxLmum deviation w88 24 per- 
cent. Similarly, an average rate  constant Ew calculated from the  ethene-air data 
over R range of concentratione  used x l t h  the Tanford-Pease equation m e  burning- 
velocity  predictions  for ethene-sir mixtures at var ious initial temperatures that 
deviated from the measured burning velocities by -9 t o  13 percent with an average 
deviation af 6 percent.  Preaicted flame veloci t ies   for  various oxygen concentrations 
with the same k, differed from experimental values by 6 t o  22 percent  with an aver- 
age deviation of 1 2  percent. 

In  conclusion, i f  s e f i c i e n t  burning-velocity data are available t o  evaluate  the 
necessary empirical constants, fairly good predictions of burning velocity  can be 
made ' b y  semitheoretical methods f o r  hydrocarbon-oxygen-nitrogen systems in which the 
following are varied: (1) molecular stnicture of hydrocarbon, (2) equivalence ratio, 
(3) initid -me temperature, or ( 4 )  the oxygen concentration i n  the oxygen- 
nitrogen part of the mixture. 

Evaluation of thermal and diffusion@.  mechanisms. - Correlations of measured 
burnina  velocities  with valms predicted by approximate theoretical equations o r  wlth 
parameters from these equations-have been presented from time to time a s  evidence that 
either a thermal or  a diffusional lnechan$sm of flare propagation is operative. For 
example, appdmate equations  based on a thermal mechanism generally  indicate a 
relation between flame ve loc i ty  and thermal conductivity, whereas those based on a 
diffusional mechanism generally  indicate .a relation between f l m  velocity and equi- 
librium concentrations and diffusion coefficients of the active  particles.  Many such 
correlations are reported  in  the Utewture. These include studies of the followLng 
variables: (1) mixture  caarposition (or equivalence rat io) ,  2) mlecular  structure 
of th fuel,  (3) initial mixture temperature, (4) pres-, I 5) fuel additives, 
(6) isotope  substitution of deuterium f o r  hydrogen in the fuel, and ( 7 )  change of 
inert diluent. The correlations based on diffueionsl mechanisms are summarized i n  
table N - V I  references t o  the origLn&l papers i n  which these  correlations were given 
and to figures sharing representative examples (figs. IV-21 t o  -23) are also given. 

- " 

The generality of the  correlatione between velocity and active-particle 
concentrations  indicates a need fo r  a cr i t ical   s tudy of the physical  significance 
of the diffusion concept. Judgment or understanding of the physical. significance is 
di f f lcu l t   fo r  seveml reasons: 

(1) Equrttions for  heat conduction  mathematically similar t o  those for dif- 
fusion, so that burning-velocity  equations  based on ei ther  a thermal o r  a diffusion 
mechanism of flame propagation are Siniilgr i n  form. 

. " . 

I 

'1 

- " 
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(2) The cdculated  equilibrium  concentrations of active particle6 depend strongly 
on the temperature of the flsme. Moreover, these calculated concentrations nu3~r not 
represent the concentrations  that exist in the flame. 

(3) All tihe equattions that may be med to test the experimmtd data are based 
on  broad  simplifying  asemptions, and the   val idi ty  of many of these a e s u m p t i o ~ ~  vB;cfes 
for  different cambustion syetems. 

(4) TLE chemi~al.   Hnetic  factors that occur the equations have not been tn- 
dependently determined (aud probably will not be determLned for many y e a s ) .  

(5) ~ h e r m ~ l  and transport properties ~f mixtures at temperatures and af- 
' fusion  coefficients for atom and free used i n  the equations are questionable. 

(6) Iche precision of burning-velocity measurement is usually 2 t o  5 percent, 
w h i l e  the accuracy is prObab3y much lees.  

lkny detailed studies of VEaZloue cambuatible 6 y ~ t e m s  have been publiahea (table 
N - V ) ,  and  experiments have been desi- with the purpose of distinguishing between 
the two mechanisms. Two such experink=nts are studies of' the   effects  on burning veloc- 
i t y  of the change in   d i luen t  from argon to h e l i u m  (e .g., ref. U4) and of substitubion 
of a deuterated hydrocarbon f o r  a hydrogenated o m  (ref. 129). In the f omer case the 
flame  temperature remains essentially  conatant, W l e  diffueion  coeff idents  and 
thermal conductivities change. In the l a t t e r  case the majo r  change i8 i n  the m e t  . 
important  type of chain carr ier ,  which i s  usually the hydrogen atam but which, on the 
aubstitution of a deuterated compound, becm~~~s the deuterium atom. Critical examina- 
t ion  of a U  such  experiments shows that diffusion ef fec ts  do not give unique explana- 
t ions of the experimental data; only  two experimental  inveetLgations  appear to favor 
one rnechauism over the  other. Both indicate that diffusion may be more Fmportant than 
heat conduction: 

(1) Nonhydrogen-cont&uing combustible  syetems bo which water or hydrogen are 
added show increased  burning  velocities, while hydrogen-containing system are not 
greatly  affected. The increased  burning  velocity i e  explicable on the basis of free- 
radica  diffusion.  Far one of the two nonhydmgen-containing systems studied. {CO-O2), 
the burning-velocity effect  on addition of' water (refs. 64 and IE) is  also explkable 
on a conduction mechanism basis {ref. ll5). IIhe other s y s t e m  (C$?2-02-A, ref. U.6) 

i s  not so easily  exphined on 8 thermal  basis. 

(2) Changes i n  burning velocity caused by interchanging argon and helium as 
diluenta are c loser  t o  the predictions of diffusion  theories thsn those of thermal 
theories, as shown by table IV-XI1 (ref. l l 4 )  . In this table, the   ra t io  of flame 
velocity of a mixture containing  helium t o  that of a mixture containing an equal 
volume of argon is ccanpared with the   ra t io  of the square roots of the thermal con- 
ductivit ies of these mixtures and with the   ra t ios  of the square roots of the dfffusion 
coefficients of various active particles.  The ra t ios  of diffusion coefficients are 
closer   to  the flame velocity  &io than is  the r a t i o  of thermal  conductivity for all 
the fuels listed except hydrogen. 

N e i t h e r  of these piece6 of evidence i s  very  strong, and both are subject to 
criticism  as t o  the val id i ty  of the c r i t e r i a  used to judge which mechanism i s  opera- 
tive. It i s  probable that both heat conduction and the diffusion of atoms and free 
r a d i c a l s  contribute t o  the propagation of flam=, and that both  concepts are  needed 
t o  e x p k i n  flams behavior. A better understeading of the mechanism of Lamines flame 
propagation in   the   fu ture  will result from the further develqpment of the cooqfiehen- 
sive theory and the investigation of the chemical ldnetics of flanss. 
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APPLICATION c[F MMITU? FL&E REEZ&RCH TO PRACTICAL CCXEWSTION~PROBIEMS - P- 

A high flame velocity  contributes t o  meximum heat release per unit volume and 
enables an air-breathing engine t o  oper&te at high throughput rates without blow-out. 
(It has been suggested, however, that in acme cases a high flame ve-ty may con- CI 

tr ibute to instabfll ty  in  the  region ne- a flame holder through increased shear; 
see ch. VT. ) T%e chemical factors that, are fmportant in obtaining a high flame veloc- 
i t y  are the fuel-oxygen ratio,  the molemlaz structure of the fuel, and the mole fie- 
t ion  of oxygen in the air used. T%e ooly  physical  factor'that has an established and 
appreciable  effect on the lamfnar f W '  velocity i s  the initial mixture temperature. 
(The effects of f l o w  -ers-E- turbdent  flame~velocity are discyssed i n  ch. V.)  
The e f f ec t s  of these factors and..of le,&: imp&kant- f&:oriT~ar~ &&G%l.zed-in the 

* * .  . 

. I". 
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As the fuel-oxygen r a t i o  i s  increased from the  lean  flammability liudt, the flame 
velocity  increases by a factor of 3 or 14 t o  a m a x i m u m  m u e  at a fuel-oxygen r a t i o  
that i s  1.0 t o  1.2 times the stoichiome.tric r a t i o  and then  decreases t o  give a rather 
symmtrical pattern about the maximum. . This shows the importance of proper mixture 
preparation aa discussed i n  chapter I. Between the lean flammability limit and the 
stoichiometric mixture, the fbme  velocity may be related to the  fraction of stoichio- 
metric fuel-oxygen r a t i o  by an  equatfon  such as 

.. 
. .  

.. . . . . . 
-. 
" 

U 
F t- 

which hol* for ethene-, propyne-, and pentane-air  mixtmee.  Empirical methckb based 
on the bond dissociat1on.energy of the .fuel are reported  by which %,- and the 

Y 
3 

The maximum flame velocitiea of alJ hydrocarbons with &r at 25' C and 1 atmos- 
phere f a l l  in the range 30 t o  80 centi&tera per aeccmd, with the  exception of acety- 
lene at 142 centimeters F r  second. Within this range, the following molecular 
structural   features  contribute  to high .flame velocftyi  . short chain length or small 
cycloalkane ring size,  unsaturation, and mfnimum chain branching. llze effects of 
unsaturation and branching become smaller as the chain length  increases. Aromatic 
compounds generally have flame v e l o d t l e s  equal t o   o r  smaller than the saturated 
hydrocarbons (alkanes, % - 40 cm/sec), and cheln branching has less effect on t h e m .  
-1 oxides (e.g., propylene oxide) +ve "r flame velocities  than their parent 
alkenes; aldehydes and ketones m e  generally in temci ia te  between alkanes and alkenes; 
and dcohols and ethers are near the alkanes. 

* 
.. . . - 

-. 

. " 

An empfrical  equation h e  been &-+-eloped for the f3sme ve lmi t iee  of U p h a t i c  
hydrocarbons based on the number  of various types of carbon-hydrogen bnde .  The 
flame velocity of a mix ture  of hydrocarbons 1s rela*d t o  the individual flame veloc- 
i t ies through . . .. 

." 

r 

I 

No addi t ives ,  including  antiknock coropounds, have been found which will increase 
flame velocity beyond the mixing effect  given  by the preceding  equation for  constant- 
pressure couibustion. Water decreases the flame velocity of hydrocarbons somewhat, 
but  not as much as an equal w t i t y  of -nitrogen. 
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A factor that could  enter the Jet combustion picture  either through delLhrate 
oxygen enrichment  (e.g., for  a p i lo t  flame) or through vi t ia t ion  of the combustion 
air (as in   t a i l -p ipe  burning) i s  the oxygen-nitrogen rat io ,  or more generdly,  the 
oxygen-inert ra t io .  For hydrocarbon-oxygen-nitrogen " 8 ,  there is a linear in- 
crease i n  maxim~m f- d o c i t y  as the mole r a t io  02/(02 + xz) is increased from 
0 .E t o  0.35. Empirical  equations me presented  for a nunib=r of hydrocarbons. D 
the  nitrogen i s  replaced by an equal vol.um= of carbon dioxide, argon, or helim, 
the flame velocity of the mixture increases i n  the order carbon dioxfde -z nitrogen -= 
argon < helium. 

7% flame velocity can slso be increased several times by increasing the initial. 
mixture temperature, according t o  a relation such 88 that for propene-air i n  tbe 
range ZOOo t o  615O K: 

This shows the advantage that could be obtained with a fuel   injector   that  would in- 
ject  hot gaseous fuel in to  hot p r i m m y  air. For the smaller temperature range B O o  
to 4200 K (or 520° t o  760° R),  it appears that Up 0: T01-4 be a reaeonable 
assumption for many hydrocarrbons, with the power increasing towsrrd 2.0 aa the Mgh 
end of the temperature range i s  increased. 

A t  present, it appears that pressure has a negligible effect  on f U  velocityj 
at most, T+ a p-0-5. a c t r i c   f i e l d s  and acoustical and m e c h a n i ~ a l   a s t u r b c e s  de0 
have little or no effect. 

Considerable advances have been made i n  recent y e a r s  i n  the theory of the pmpa- 
gation of a one-dimnsional steady-state flame. Ccarrprehensive equations have been 
presented that take in to  account all the chedcal  species involved i n  the flame re- 
actions  with the neceasary  re&ction r a k s  and diffusion rates for  each  species. These 
comprehensive eq@Aone have 'been  solved by  num=rical integration  for the simplest 
kinds of f-s, but the present state of -ledge does not allaK their solution 
fo r  the flame velocit ies of complex kydrocexbon f-s. Inatead, various simpler, 
approximate equations far the laminar fLame velocity haxe been presented. Ibst of 
these approximate equations  consider f m  propaejation t o  occur through a mechanism 
that  i s  based primarily on e i ther  the conduction of heat from the f b  t o  the un- 
burned  gas  (thermal mechcmiem) or  the diffueion of active reaction  centers  into  the 
unburned gas (difpusional mcbazrlsrn). This chapter has  shawn that both types of 
equations, as represented by the Semenw and Tanford-Pease equations,  can be used to 
predict,  generally  xithin 10 o r  m-percent, the relat ive c-s i n  fhme velocity 
caused by changing the  Important chemical and physical factors. 

The question is repeatedly raised as t o  whether heat conduction or  active- 
particle  diffusion i s  more important i n  l a u d z ~ ~ t r  flame propagation.  Since both types 
of equations usually give equally good relative predictions of flame velocity for 
the  chedcal  and physical  factors that erre of in te res t  to e d n e  applicatione, the 
question remains unsolved. There are two experimental investigations, neither of w h i c h  
can be considered final, that appear to favor a diffusional ~llechanism. One shows that 
the addition of w a t e r  or hydrogen t o  nonhydrogen-containing  combustible udxtures in- 
creases flame velocit ies,  w h i l e  byd~~gen-contdning system are not greatly affected; 
the other &OWE that changes i n  the flame velocity caused by interchangtng argon and 
helium as i ne r t  diluents =e closer t o  the predictions of diffusional equations  than 
t o  those of thermal equations. It i s  p r o m e  that both heat conduction  and active- 
particle  diffusion  cantribute  to the propagation of any f-; both are included in 
the camprehensive equations. 
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Another use of the equations  describing laminar f law propagation ana of same 
the  recent  'experimental  investigations  that is of i n t e r e s t   i n  engine appllcations 
the  calculation of -mum beat-release rates i n  laminar flames. Zeldarlch (ref. 

51) and Avery and Hart (ref. 117) have used thermal equations t o  calculate heat- 
release rates of lom and lo9 (Btu/(ft3) (&) (ah2)) f o r  carbon monoxide and butane 
flames, respectively. hvery and Ekrt point out that a heat-release rate of approxi- 
mately lo8 (Btu/(ft3) ( h r )  ) has been achieved at 1 atmosphere in a ram- jet engine and 
that this indicates the poseribillty  that couibustion rates under ram-jet conditlona 
of maximum heat  release may be determined by kinetic factors rather than mixing times 
Friedman and Burke (ref. 6) have used an  energy  equstion analogous t o  equation (35) 
together  with  their  experimental temperature profile  to  calculate the heat-release 
rate as a function of distance R lean propane-air fBm= at 0.06 atmosphere, 
with the results shown in   f i gu re  IV-24. 

Ehpirical  relatione  for the effects of such factors 88 the   ra t io  02/(02 + Nz) 
and the initial temperature have already found use I n  correlations of engine perform- 
ance. These md other  correlatiotu  for engine combustion efficiency and s t ab i l i t y  
which include terms f o r  the chemical reaction rates are discussed i n  subsequent 
chapters. 
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bbthod 

Burner : 

Total mea 

Total area 

Frustum area in- 

Frustum area, rec- 
tan@;ularr burner 

Frustum area 
Frustum area 
%tal area (eq. (a)) 

cluding cone t i p  

Angle, at 0.36 t o  

Angle, at c-n 
0.51 rt 

point 

particle track 

Pube ; 

Total area 

3omb : 

Pressure record 
Flame record 

'.type of 
Photo&=@Y 

Schlieren 

Schlieren 

Shadow, outer 
edge Shadow, inner 
edge with 
extrapolation 
t o  flame a x i s  

cage 

cage 

luminous edge 

shadox, inner 

shadar, inner 

Mrect, inner 

U e c t  
RLrect 
mrect ,  center 
of luminous 
zone 

RLrect 

Conibination of 
direct  ana 
B h a d o W  

direct  
stroboscopFc 

m c t  

!ube diam.: 
cm 

1.26 

1.358 

1.57 

&C70r 
nozzle] 

1.57 

"" 

0.W2.55 

1.36 
0.94. 
1.57 

1.36 

"" 

1.27 
(nOZZke)  

2.5 

1.06 

I. 08 

1.12 

1.03 

1.12 

@.05) 

bl.Q 

1.07 
1.05 
1.1 

1.06 

"" 

1.05 

1.14 

p.0 
L o  

a43.2 

$0.2 

845.5 

45.4 

46.7 

a4L 2 

a u . 5  
aas.3 
38 

a43.3 

a4a. 5 

%45.0 

a39 .o 

m.6 
40.4 

leference 

49 

118 

16 

4J-5 

16 

47 

U.9 
8 
I6 

lJ2 

4,.= 

4s 
45 

bThese determinations f o r  stoichiometric mixtures do not  represent mRJrl, but 
exe probably  lower  than the maxiunm~8 by no lllore than 2 cm/sec. 
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Hydrocarbon 

Butane 
Hexane 
2-Methylpmp=le 
2,2-I3imethylb~tane 
1-Butene 
l-HeXem 
Isobutene 
Z-&btbyl-l-pentene 
1-Butyne 
l-HeIexyne 
4-Methylpentyns 
Benzene 

Average 

1.09 
1.16 
1.U 
1.12 
1.17 
1.16 
1.14 
1.19 
1 A 7  
1.21 
1.18 
1.38 

1.15 

Devlation 

from av- 
erage 

Of %ex 

percent 

5.5 
-9 

3.6 
2.5 
1.7 

.9 
-9 

3.4 
1 . 7  
5 .O 
2.5 

14.2 

3.29 

Dlesociation 
snergy of 
hydrocarbon, 

kcal 
g-mole 

1250 
1791 
1257 
1 8 2 1  
1133 
1680 
u.47 
1603 
1016 
1564 
1574 
1305 

"" 

Mssociation DevFstion 
energy of f ran 
mix tu re  at average, 

percent 

- 

1.93 2.0 
2.00 1.5 
1.94 1.5 
1.97 
1.98 .5 
2.02  2.5 
1.97 
1.99 1.0 
1.95 1.0 
1.97 .o 
1.95 1.0 
1.96 .5 

1.96 0.9 

# 

t 
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.. 
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Refemnce Equation 

baop of dilent CO-Oz-A Ha 
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. .  
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CE~-O~-A or ~ e '  

calculated 
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127 calculated 

C$2-02-A 01 He 
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128 I 

S V  
. m  I '  

. .  . .  1 I .  

. . . . . . . 
. .  



W A  RM E54107 IV-57 

I TABLE N - V I .  - MAxlENM F U N  VELOCITIES 

LRelative to  arbitrary value of 100 for  nitrogen with primary air in 
which nitrogen was replaced by indicated  inert gas.] 

-7” Reference T %,re1 with Method oz 
OZ+inert 

0.21 

.21 

.21 

.21 

.30 

.40 

.60 

.80 

0.21 
.32 
.42 
.57 

0.21 

0.21 

0.21 
.ll 
.21 

0.21 

,l2 
.21 
.3Q 
.50 
.80 

0.21 
.40 
.60 
.80 

i ne 
Argon 

Methane 69 

17, p. 2 

68 
67 f o r  
A, He 

8, p. 465 
f o r  C02 

shadow 
total-area 

Spatial  velocity 
i n  tube 

Tube, area 
Schlieren 

total-mea 

231 

27 0 

a231 
185 
155 
140 
115 
105 

327 

320 

a3zl 
300 
260 
200 
150 
ll5 

24 
26 
54 
76 

Cone -height 
total-area 

Schlieren 
total-area 

280 
235 
160 
E O  

180 
140 
120 
l l 0  

151 Soap-bmble 217 

c 332 

Soap-b*ble 
Schlieren 

total-area 

146 
190 
145 

225 
340 
215 

26 

Spatial  velocity 
i n  tube 

Cone-height 
total-area 

Cone-height 
total-area 

135 

c115 

bl35 

c275 

50 
68 
85 
96 

8, p. 462 Cone-hefght 
total-area 

52 
70 
86 
94 

c 

c 
monoxide 
containing 
1.5 percent 
Hz, 1.35 

r. 
8 %o nitrogen value w a s  given; these are based on relative value f o r  argon 

bSame value was also given for neon; results s e e m  questfonable 

‘NO nitrogen value w a s  given for   th i s   iner t  concentration; relative 

I 

from ref. 69. 
i n  v l e w  of ref. 72. 
values are based on interpolated  nitrogen value from ref. 8, p. 460. 
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Methane 

Propene 

253 
380 
5 32 
760 

253 
523 
760 

-me velocity, cm/sec 
Bomb method I Burner 

PressureI record record 1 method 1 

Ethene 38 
76 
152 
380 
760 
1140 

38.1 
37.8 

36 .O 36.3 
36.6  36.4  37 .o 

39.9 
40.2 40.5 
40.6 40.4 41.2 

62.5 
62.7 
63 .O 
62.8 
63.1 
62.3 

63 .O 
62.9 
63.5 
63.3 
63 .O 
62.5 

". "- 
t .. 
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I. . 

. 
a 

c 

e 

~ 

System 

Met"& 

~ 

Propase-air 

Bhene-air 

Acetylene-aLr 

Benzene-&r 

cp 33?€?SsUre 

-3 
a t m  

1.00 0.7 -1.0 
1.00 .33-1.0 

.25-1.0 
1.0 -6.3 

l*oo 1 or cp- 
1.46  .25-6.3 
.60- .65 .26- .66 
1.00 0.7 -1.0 
1.00 .33-1.0 

.03-1.0 %x 
1.00 
.56  .26- -66 

L E  

(pmax 

1-5 

0.25-1.0 

1.00 0.53-0.99 

1.00 0.53-0.92 

1.00 0.33-1.0 
1.00 .05-1.5 
1.08-1.24 .30- .80 
1.4 .35-1.0 

- 

.46 .26- -66 
0.01-1.0 

0.33 -26- -66 

~max 0.01-1.0 

1.00 0.40-0.92 

P 
P 
P 

-Q. 24 
-0.43 
-0.5 

p-o.49 

17 

p-o.36 

p-O. 39 

Hone 
.47 

p-O 31 

&thod 
and 
Merencea 

1 
2 
3 

3 
3 
4 

1 
2 
5 

6 
4 
7 

3 

8 

8 

6 
3. 
9 

lo 
4 

LL 
4 

l l  

8 

%tho& and references: 
1. Constant-volume bomb, pressure recmd or flame record; ref.  73. 
2. Rectangular burner, lminous cone, frustum-areai ref. 73. 
3. Burner, inner edge of luminous zone, t o t a l  area; no effect of 

4. Flat flame burner, luminous zone, t o t a l  m e q  ref. 19. 
5. Burner, luminous cone, angle3 ref. 75. 
6. Wuper, luminous cone, ref. 77. 

8. Ref. 80. 
9. 6oap-bubblej ref.  76. 

tube  diameter from 1 t o  2 cmj ref. 78. 

10. Burner; ref. 81. ll. Burner, luminous cone, angle; ref. 74. 
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1.43 75 7 -7 

' 1.42 75 

2.69 
2.67 
2.64 

1.57 
1.95 

2.65 - 
1.94 

2.71 
2.70 
2.68 

1.27 

L I B  1.15  1.13 
1.08 1.07 1.06 
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F W e  IV-1. - Qualitative temperature-dletance diagram for stationary flame. 

. .  .. . .. 



. . . . . . . 

b 1 .  : . .  
. .. . .. . . . . . . . . . 

I .  
b I 

. . ..  .. . .  . .  



. 
NACA RM E54107 IT- 65 

Equivalence ratio, rp 

Figure N-3 - C h y e  in  relative flame velocity with equivs- 
lence ratio at 25 C and 1 atmosphere (ref. 39) . 
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Equivalence ratio, CP 

Figure  IV-4. - Flame velocity as function of equivalence r a t i o  at various 
initial mixture temgeraturee for propane-air flame8 at 1 atmoeghere, 
memured by outer-ahadowedge total-area burner method (ref. 16) 
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Figure N - 5 .  - Flame velocity aa function of equivalence ratio  over  range 
of oxygen concentrations for propane-oxygen-nitrogen mixtures at 311° K, 
measured by schlieren total-area burner method (ref. 48) . 



Figure PI-6. - Empirical correlation for equivalence r a t i o  data. 
Tube method (ref. 43) . 
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Figure IV-7. - Effect of chain length and saturation on 
relative flame velocities of straight-chain (or non- 
substituted ring) hydrocarbons at  25O C and 1 atmosphere 
(by permission from refs. 38, 40, and 46). 
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Ffgure N-8 .  - Effect of methyl substi tution 
on re la t ive  flame veloci t ies  of faur-carbon- 
atom, straight-chain hydrocarbons (by per- 
mission from ref. 46). 
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20 40 60 80 100 120 140 160 
Flame velocity measured by tube method, cm/sec 

Figure IV- IO.  - Comparieon of flame velocitiee meaeured by the illper- 
sh8,dow-edge burner method (ref. 47) with values measured by tube 
method (ref. 40) . 
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600 

rv- 73 

Figure  IV-11. - Comparison of expertmental data nith siwle 
mixing rule for flame velocitfes of hydrogen - csrbon mn- 
oxide mixtures (ref. 59) . 
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Figure IV-13. - EfPect of 
total-area method (ref. 
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Figure IV-14. - Effect of oxygen concentration on relative flame 
velncitges of various fuel-oxygen-nftrogen ayefema at r o o m  
temperature and atmospheric pressure. 
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Figure IV-15. - Variation of normal flsme speed with pressure 
?or propane-air Bumen flamee. Fuel-air ra t io ,  0.067 ( ref .  
77) . 
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Figure IV-17. - Conpariaon of massurd and cdculated burning velocities for 
ethene& mlxtures at  CUiferent initial temperatures (data of ref- 16 
calculations o f  raf. as) . 
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Figure N-IB. - Concluded. Comparison of predicted and exprimental reeults 
(re$. 66) . 
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Figure IV-19. - Moael of structure of flame fmnt  (ref. 104). 
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Figure IV-20. - Measured hydroxyl radlcal concentration in acetylene-& 
f h .  Pressure, 66 mKKiimetars of mercury (ref. 105). 
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Figure IV-22. - Correlation of maximum burning velocity w i t h  
relative diffusion concentration of active particles for 
propene-oxygen-nitrogen mixtures. Variable oxygen concen- 
tration of atmosphere (ref 66) . 
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Figure IV-23. - Variation of burning velocity  uith  relative d.lffusion mncentration 
of active  particlea for three hydrocarbons in  air for range of hydrocarbon 
concanbations (ref. 39) . 
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By Melvin -stein and Gordon L. Dugger 

The previous  chapter is concerned with Laminar flames in whlch a smooth, dis- 
crete flame zone exists. Such smooth flames (e.g., f&. IV-2) occur when the un- 
burned gas flow is laminar and undisturbed (ref. 1). Small flow disturbances may 
dis tor t  the flame surface  (ref. 2)  and influence the ra te  of flame propagation some- 
w h a t ,  but  the  discrete  reaction zone remains. Lf, hmever, the unburned gas flow is 
made turbulent, a diffuse, brushy fLame results, and the ra te  at which the combusti- 
ble m i x t u r e  is consumed increases ep-&a.tly.  The turbulent f m ,  unlike the laminar 
one, is often accomrpanied by  noise and rapia  fluctuations of the flame envelope-. 

For the Laminar flame, it is possible t o  Mine  a flame velocity that, Kithin 
reasonable limits, is independent of the experimental  apparatus. It w o u l d  be equally 
desh8ble  to  define €t propagation velocity for  turbulent flames that would be inde- 
pendent of the experimental apparatus and deped only on the  fuel-& m u r e  and 
some easily Identified  properties of the flow. Such is not yet the case, however, 
and the numerical values of turbulent  propagation  velocities depend not only on the 
experimental  technlqnn  but a lso  on the concept of turbulent flames assumed by the 
fnvestigator. Similarly, the theoretical concepts of turbulent  flames are not as 
w e l l  defined aa Lamiaar fLame theories. These points should be kept in mina during 
consideration of t h i s  chapter, in which the  current status af knowledge in  the field 
of turbulent flame propagation is dLscuased. 
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SYMBOL8 

The following symbols are uaed in this chapter: 

cross-sectional area 

constant t 

constant 

constant 

specific  heat 

diameter 

fraction of fukl 

height o f  pertwketion 

constant 

s a l e  of turbulenoe 
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R 

Re 
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T 
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U' 
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U' 

v' 

X 

Y 

P 
Y 

6 

c 

x 

V 

. P  
7 

Lu 

LagrangIan scale 

EulerW scale 

correlation  factor 

surface area of cane 

temperahre 

tm 

" . 

velocity 

turbulent component of turwent  flame velocity 

velocity fluctuations 

intensity of turbulence, @ 
rma fluctuating velocity in y-direction 

distance 

& U C ~  --Width 

mean dieplacement 

flame half-Width 

flame thickness 

easy uifputrivity 

thermal conductivity 

kinematic VbCOSi%y 

density 

reactLon tfme 

chemical reaction rate 
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CHARACTERISTICS OF FLAMES 

v-3 

The nature of turbulent flames has been studied, using the photographic tech- 
niques developed for  laminar flames (ch. N). Unlike the b m d m r  flame, however, 
the flame  surPace is  very camplex, and it is diff icul t  to loca te '  the various surfaces 
that were used t o  ch8xacterize laminar flames. A brief description of the  character- 
i s t i c s  of some turbulent flames is given In the  following  sections. 

The turbulent h e n  flame has probably received the most attention. TaminaT. 
and turbulent Bunsen flames are compared i n  figure V-1, *ich campares time exposures 
of the luminous zones of a lamiw and a turbulent flame. The dFffuse  appearance of 
the time exposure of the luminous turbulent flame zone is due to  the  rapid  oscil la- 
tions of a wringled flame front, which can be seen in instantaneous  schlieren photo- 
graphs (ref. 1). Superposition of' the  schlieren photograph on the llrmfnous photo- 
graph shows that the random fluctuations of the  instantaneous flame front are 
contained  within  the ludnoue envelope (ref. 1, p. 481). 

Flame height. - As long as the approach flow of unburned gas toward an open 
flame remains bminar, an increase in  the  merage s t r e a m  velocity i s  maintain& ac- 
cording t o  equation (1) of chapter IV. The cone height  increases correspondingly, 
and for a perfectly  conical flame the  relation between  cone height a d  average stream 
veloci$y is given by the solid l i ne  in figure V-2. When the f l o w  becomes turbulent, 
however, the flame becomes turbulent and the mean flame height (fig. V-3) no longer 
increases in the same manner; greater quantities of fuel-& mixture m e  consumed in 
a turbulent flame than would be consumed in a laminar flame of the same height. Ihe 
dotted curve i n  fLgure V-2 represents the mean flame heights measured (ref, 3) for 
turbulent flames burning Unaer conditions comparable with  those  used t o  calculate 
the lamhex curve  except f o r  the  nature of the flow. The variation of the mean flame 
height with flow velocity and tube dismeter for three fuels, propane, ethene, and 
acetylene are sham in f i g r e  V-4 frm reference 3. The mean height of the f h e  and 
the width of the burner port can be us& t o  estimate a lower limit to  the flame volume 
requfred under a pe;rticulEtr se t  of conditions. Any reauction in  mailable  space 
should lead to   ineff ic ient  burning. 

Brush wiath. - A time exposure of the  turbulent flame surface appears as R brush 
of Fncreasing  width from base t o  t i p  as Shawn in ffgure V-3. The distance between 
the inner and outer  boundaries of the flame brush a t  the   t lp  of the flame has been 
called  the brush  width. In reference 3, the brush wfdth as a function of flow veloc- 
i t y  and tube diameter vas measured far propane and acetylene f1-s. The data m e  
plotted  against Reynolds number in  f igure V-5. A t  low Reynolds numbers (helm 2000) 
where the flow and flame become laminar, the  distance between the  inner and orter 
boundaries a u l d  Wroach  the  thickness of the luminous zone of a laminar flame, of 
the  oraer of 0.1 millimter (ref. 1, pp. 238, 254). Only flow velocity and t f i e  
dlameter were varied i n   t h i s  study, density and vfscosity  remining roughly constant. 
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. 
Only a limited am-t of basic work has  been done on the  velocity and structure 

of turbulent  flames in  tubes. Many investigators have noted that a laminar flame in s- 

a tube can become oscil latory and f i n a l l y  become diffuse and wrinkled  like a turbulent 
burner  flame. In an experiment i n  which the  gas  velocity ahead of the flame- was meas- 
ured, it was found that the  turbulent flame appeared when the gas flow ahead of the  
flame had a Reynolds number exceeding 2000 (ref. 4) .  In the c-e of flames propa- 
gat ing  toward the  closed end  of a tube, a turbulent  circulatory motion is set up 
ahead of the flame, creating a turbulent flame. In all cases,  the  spatial rate of 
flame  propegation  increases when the turbulest flame aggews. 

Flames Supported on Rode (V-Flames) 

A technique that has created  considerable  interest  because of its s imilar i ty  t o  
flames supported on fleine holders is the V-flame  method 113 which the flame is sup- 
ported on a rod. Essentially,  the V-flame measwes the ability of the flame t o  
spread from the  sheltered zone near  the  stabil izer into the unburned gas flaring past 
it. The greater the burning rate, the w i d e r  the  flame w i l l  grow at  a given  dietance 
from the flame holder;. The flame width, then, is a measure of the  burning rate. 

Measurement 

wen  burner  flames. - The earliest messurements of a turbulent flame velocity 
were those of reference 5, in  which it waa assumed that the inner boundary of the 
turbulent flame represented a zone of maxfnnrm burning rate or the turbulent flame 
velocity,  while  the  outer boundary represented  the zone of slowest burning rate or 
the laminar flame velocity. The eurface axeas corresponding to   these zones were 
measured, and flame velocit ies were calculated by a total-area method u e i n g  equa- 
t ion  (1) of chapter IV. The flame  velocity  calculated from the inner surface is a 
maximum value  and  corresponds t o  the  hypothetical  condition  that a t  any instant all 
the flame exis ts  along this  surface.  As is evident fram inetantaneoua  schlieren 
photographs of turbulent flames, only part of the flame exiete a t  the inner surface 
at any Instant. 

In consideration of the  fluctuating  nature of a turbulent flame, a l ine,  such 
as   the   do t ted   l ine   in   f igure  V-3, might be drawn  somewhere between the  inner and 
outer  boundaries to   indicate  a mean flame surface about which the  instantaneous flame 
front   osci l la tes .  It might be considered  the most probable  position of any given 
increment of flame front.  Xn reference 3, the line was drawn midway between the 
inner and outer b w i e s ;  euch a surface does not  give a mean surface area. In  
reference 6, the locue of maximum l ight   intenei ty  determined f r o m  densitometer meas- 
urements on the time  exposure wae used. Bince the extreme boundariee of a turbulent 
flame are quite diffuse, this method of determinhg a mean boundsry is more precise 
and mre readily reproduced. The flame velocity so obtained is intermediate betveen 
the minimum and the meximum of reference 5; there is no simple re lat ion between the 
maxirmrm flame velocity of reference 5 and the  turbulent flame velocity of reference 
6, because t h e  dimenslone of the  flame bruah change as flow conditions change 
(fig.  v-5). 

References 3 and 5 report flame velocit ies computed  by a total-area method based 
on surface-of-revolution fonmiLaa [ch. IV, eq. (2b)); whereas, in   reference 6, an 
angle method was used (ch. IV, eq. (3)). It is important t o  note, however, that none 
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of these methods of computing turbulent flame velocity corresponde to that for  com- 
puting the laminez f h e  velocity, which is defined as the flow velocity of unburned 
gas perpendicular t o   t he  inetantan,eous flame surface. The calculated  turbulent flame 
velocity corresponds to   the  flow velacfty of unburned gas perpendicular to a time- 
average position of the flame, and the Instantaneous flame surface area does not 
enter the calculation. Bio precise measurements  have been made of the  velocity normal 
to   the  actual  flame surface,  although the hmlnar flame velocity does enter many of 
the proposed theoretical  relations  discussed in this chapter. 

In reference 7 ,  an attempt wae made to estimate the total area of a turbulent 
flame from the  height and diameter of the  perturbations  visible on a sperk photo- 
graph. It was found that 

d = 5.0 L I l l  
where 

d diameter of perturbation 

L average eddy diameter (a& turbulent wind in ref. 7) 

and 

where 

h  height of perturbation 

%ot t o t a l  rmB fluctuatbg  velocity 

0.266 ulot 
h =  

UF,L 

Flames in tubes. - In reference 8, spatial velocities of turbulent flemes i n  
tubes w e r e  m e a s u r e d .  The ra t io  of tlirbulent t o  laminar spatial velocfty in a tube 
is equivalent t o  the ra t io  obtained dth a Bunsen burner uLth the  additional assump- 
t ion that the mean flame boundary has the same meaning i n  both  cases. 

Spherical flames. - Analogous to the use of the soap-bubble or constant-volume 
bomb method for 1- flame velocities, spherical flames have been used t o  study 
turbulent fhme velocity. k reference 9, a single spark was used to  fgnite a tur- 
bulent  mixture flowing through a P by 4-inch duct, thus creating a sphere of flame 
that exganded into the flaring unburned gas mixture. Jwt as fn the  soapbubble 
method, the spatial ra te  of propagation of the mean spherical surface multiplied by 
an expansion ratio  resulted in a flame velocity. In the  soapbubble and conatant- 
volume bomb experiments, the requFred expansion ra t ios  could be meamred, but i n  
the  free-stream method used in  reference 9, a theoretical expansion ra t io  was used 
which was based on the equilibrium flame tqerature .  me ratio of turbulent t o  
lamiaar spatial  velocities, assmning the same expansion ratio  applies  for both  cases, 
should  then be equivalent t o  the flame velocity  ratio obtained in tube and Bunsen 
flames. 

Flames supported on rods (V-flames). - The turbulent V-flame may be used t o  de- 
termine the flame velocity in a manner analogous t o   t h e  laminsr V-flame (ch. IT). 
Consider the  sketch in fi&re V s  (ref. 10). The total   length of burning surface 
of one side of the V-flame i s  OS, the approach-stream velocity is Uo, and the duct 
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half-width is  Y. Consider the flame segment O S ' ,  which extends f r o m  the flame 
holder toqhe   po in t  where the flame half-width is  y. The unburned gas that enters 
segment OS* originally had a stream tube half-width yo and velocity Uo in the 
approach stream. In t h i s  two-dimensional  system, y, yo, and Bf , are representative 
of areas; and, since the pressure drop due t o  combustion I s  small,  the  density of the 
unburned gas may be assumed constant. Hence, the pFdmt yU is  constant for con- 
servation of mass. By analogy t o  equation  (1) of chapter IV, the  average  turbulent 
flame  velocity for the segment is 

- 

- 
.. 
e .. 

'Phe fract ion of fuel F burned i n  segment y i~ 

Theref ore 

"he flame half-width  y was considered a diff*xential  width dy with  corresponding 
increments i n  pressure and unburned and burned gas veloci t ies  in reference 10; t h i s  
concept was used in  the writing of d i f f e r e n t h l  equations for the over-all mass bal- 
ance, mer-all force balance, and force  balances m t he  burned and unburned gases. 
These equations were solved by a stepwise method for f i n i t e  increments in  order to  
.obtain  curves of y/Y against F (fig. V-7) .  Flame wldtha y w e r e  measured from 
the  outer edge of the lum3maus flame zone frm a time exposure of the  turbulent 
V-flame. The values of F were then read from figure V-7, and the average  turbulent 
flame velocit ies were calculate& by equation (5). 

Dependence of flame velocity on location of measurement. - As with  the laminar 
flame (ch. IV), the  turbulent flame velocity mey vary f rM poin t   to  point. Figure 
V-8 show  the   ra t io  af turbulent  to laminar flame  velocity UF f i F J ~  plotted. against 
the   f rac t ion  of the  tube radius r/rt. !&e flme veloci ty   ra t io  increases fram unity 
at the  tube rim (r/rt = 1) t o  the order of 4 at r/rt = 0.7. W e e  changes are cm- 
sidered fur ther  in the  discussion of flameinduced  turbulence. The efPects of chemi- 
cal and physical  variables on % discussed hereinafter  apply t o  average  velocities 
determined by total-area methods. 

3 

Effecte of Chemical Variables 

Fuel  concentration. - Reference 5 reports measurements of the effect  of fuel 
concentration on the  tufbulent flame veloci t ies  of propaneoxygen mlxtuces. The 
results are shown in figure V-9, where the dotted c m  represent8 nE8mZremenfxI 
based on the outer bounds;ry of the f l a n ~  m h ,  vhereaa the solid m e 8  are baaed 
on the inner bow. According t o  reference 5, these  velocities  represent laminar 
and turbulent flame vtilocities,  respectively. The dashed  curve shove l&minax flame 
veloci t ies  measured from the inner boundary of the lminous zone of a laminar flame. 
As would be expected if the Outer boundary of the  turbulent flame brush does repre- 
sent a laminar flame velocity, a l l  the polnts computed from it, irreepective of tube 
s i ze  or flow characterist ics,  fall on a single curve. lche dashed. curve  representing 
laminar flame velocity based on the  inner boundary of the I.umi.noue zone mi@t be 

. 
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expected to  fall above the dotted curve  because of the finite thickness of the lumi- 
nous zone. l%e turbulent flames show a rapidly increastng Velocity from rich mixtures 
toward stoichiometric.  Unfortunately,  leaner flames were unstable asd could not be 
studied. It should  be  noted that the higher  flame velocit ies  in  f igure V-9 were 
meascred Kith  higher flow velocities, so that the  increase In flame velocity was not 
due t o  changes i n  fuel-oxidant ra t io  alone; and, as w i l l  be wident in the  discussion 
of the  effect of flow velocity on turbulent flame velocity,  the  increases €n flame 
velocity from r i ch   t o  stoichiometric mixtures were greater than  the would be expected 
f r o m  the  effect of fuel-oxidant r a t io  alone. 

In  reference 3, a more complete study w a s  made of the  effect of fuel concentra- 
t ion on ethene-air flames on a 31Rinch  burner  using flow velocltg (expressed in 
terms of Reynolds number) as a parameter. %e data are sham in figure V-10. The 
curves indicate a maximum s l ight ly  richer than  stoichimetric,  the maximum not shift-  
ing appreciably w i t h  R e y n d h  number. 

Reference ll reports a sl ight s h i f t  of the maximum t o m  richer mixtures at 
higher  turbulence  levels for butane  flames. The turbulence was produced by screens 
for m e t  of the case8 shown in figure V-IJ” 

The V-flame data of reference 10 presented in figure V-12 a l s o  show a maximum 
at  --air ra t ios  near the laminar maximum. The effect of velocity is not quite 
as clear-cut as that of reference 3 because of the 50-foot-per-second curve falling 
above the 100-foot-per-second curve. The flames were turbulent, although, in  these 
cases, the approach flow w a s  laminar. The turlmlence in  the flame was attributed  to 
a flame-generated  turbulence, the  effect  increasing with  increasing  velocity. This 
point ie discussed in a eubsequent section in this chapter. The results are rela- 
t ively Mependent of s t a b i l i z e r  s ize  d shape and are insensitive  to  the  introduc- 
t ion  of turbulence-producing screens just below the stabil izer.  

Fuel type. - It is sham in reference 3 that for propane-, ethene-, and 
acetylene-air flames the  turbulent f- velocities w e r e  emplricdly  correlated by 
the  expression showing a direct  proportionality  to laminar flame velocity  (table V- I ) .  
Thus, turbulent flame velocity, under the ,conditione studied, might be expected to 
vary w i t h  hydrocarbon structure in the stme way that ladnar flame velocity does. 
This is a lso  i n  agreement Kith  the theoretical treatments of references 6, 10, and 
12. 

Effects of Physical V a r i a b l e s  

Pressure. - mere is  no adequate information on the  effects of pressure on tur- 
bulent flame velocity. -ever, the problem is considered in  reference 13, i n  which 
-turbulent hydrogen-oxygen flames at a pressure of 14.6 atmospheres were studfed. The 
burner diameter Etnd the helght of the equivalent cone Mined by the angle of the 
turbulent flame near the burner rim in equation (2a> of chapter IV were used t o  ob- 
tain an equivalent cone -ea. An equivalent flame velocity for the  turbulent flame 
was then computed f r o m  t h i s  area by equation {l) of chapter IV. Since %,T/up,L 
approaches 1 neez the rim (fig. V-81, these flame velocities would be near the lami- 
nar flame velocities. 

A comparison of these computed velocities at a pressure of 14.6 atmoepheres with 
laminar flame velocities at 1 atmosphere is shown in figure V-13. It is W f i c u l t  
t o  discuss quantitatively  the  effect of pressure,  since  the flames w e r e  Bmall and 
the measurements are  necessarily less reliable than those  obtained for  slower flames. 
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Temperature. - The effect  of initlal air temperature on turbulent flame velocity 

of coke-oven gas-air mixtures was I E R S W ~ ~  by Heiligenstaedt  (ref. 141, whose m e 6  
are replotted in terms of up,T/uF,~ in figure V-14. The inner flame  surface was 
used and assumed t o  be a right  circular cone. Although three   d i s t inc t  curves for the 
three temperatures  appear i n  the f-e, indicating a s m a l l  negative  temperature de- 
pendence of UFJT/% L, Reynolds number correlates  the data t o  w i t h i n  10 percent over 

increase  approximately as the  1 .6  power of the  absolute initial temperature: 

- 
t 

, the  range loo to 4oob C. Heiligenstaedt reported  the  turbulent  flame  velocity  to 

UF, To1' 

According t o  Delbourg (ref. 141, for town ge.8 - air flames, 

"F T To 
1.65 

-0:- -0.09 
UF,L IC, 1.74 OC To 

Thus, for  both of these examples the ratio of! tu rbulen t   to  Laminar flame velocity is 
practically Independent  of initial temperature. 

Velocity  and  turbulence promotion. - Several  investigators have studled  the ef- 
f e c t  of flow velocity on turbulent  flame  velocity. Tube diameter uaa &eo varied in 
these  investigations, and the  resul t8  were usually presented  in terms of Reynolds 
number. Since  for most of the studies  density and viscosity w e r e  constant,  the use 
of R e y n o l d s  number as a correlating parameter muat be questioned. However, the re- 
sults of Heuigenstaedt  for  various hitid t m e r a t g r e s  (hence various denstties 
and viscosi t ies)   Indicate  that Reynolds mrmber may be a meaningftii parameter when 
plotted  against   the  ratio of turbulent   to  .lauinar flame velocity (fig. V-14). He 
found Up, T/+,~ a Re at  Reynolds -Eumbers above 10,000. . Delbourg (ref. 1 2  1, who 
used the m e n  burner  technique and the inner flame boundary, ehows the change af 
flame velocity as Reynolds number increases from 1000 t o  about 35,000. H i s  results 
in figure V-15 on a double logarithmic  scale show that, at R e y n o l d s  numbers t o  about 
2000, the laminar flame velocity is obtained and is independent of Reynolds number. 
Between 2000 and 4000 he found a t ransi t ion  region showing a rapid increase i n  the 
r a t i o  Up ~UF,L, followed by a l inear  change In the r a t i o  f r o m  4000 to 35,000 such 
that UF,$F,L = 0.088 Reoe4. The variation of UF &F L with Reynolds number 
f o r  propane-oxygen flames 88 measured in  reference 5 is sham in figure V-16; the 
resul ts   indicate  that, for Reynolds numbers between Z W  and 5 W ,  UF T/ffF -Re , 
and for   l a rger  Reynolds numbers, UF,T~F,L O0 R e  . In agreement w i t h  Heh igek taed t .  
!he results of referewe 3 f6r acetylene-,  ethene-, and propane-air  axe  sham i n  f&- 
w e  V-17. Ehpirical  equations  for the curves are given in table V-I. 

J 

0.5 

Although velocity and R e y n o l d s  number are r e l a t ed   t o   t he   i n t emi ty  and scale of 
turbulence in pipe flaw, the  turbulence is not  ieotropic. Several investigators have 
used screens of known charac te r i s t ics   to  produce turbulence in  the unburned gas. I n  
reference 15, a rectangular Bunsen burner was used; the   r a t io  of turbulent   to  laminar 
flame velocity and the  intensity of turbulence in the narrow dimension of the burner 
were correlated. The results me shown i n  figure V-18. In  reference 16, a similar 
technique but a symet r i ca l  burner was used; the  results  are  correlated  with  the 
turbulence  intensity along the direction of flow. A tube method was used in , refer-  
ence 8; the   spat ia l   veloci ty  as a function of distance from the turbulence-producing 
screen was  measured. 6ince  the  intensity of turbulence  veries  with  distance from the 
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screen,  the  results  (fig. V-19) show the  vmiation of flanae speed with  intensity of 
turbulence. I n  reference 9, the expanding spherical. flame was used, with  screens 
t o  create turbulence; a variation me obtain&, a8 ehown in figure V-20. The author 
found a very loa lamhar flame velocity of only 0.59 foot per aecond  which 1s unex- 
plalned a8 yet. A disfzibution of flame velacit ies was obtained which the  author 
associated w i t h  the rdcm nature of turbulence. The curves i l lnetrate   the data ob- 
tained a8 a function of the fraction of the neaeuramnts  giving a given flame vel-- 
l ty .  It should be noted that Fn all these exgeriments the  turbnlenoe  level w a s  based 
on measured or calculated in t end t i e s  in the absence- of fLame. Ercept for the axperi- 
ments of reference 8 ,  in which the  intensity was coneidered a t  each point in the  tube, 
the measurements were made at the initiation  point of the flame ( tb -  lip of the burner 
for Bunsen flames or the ignition  point for spherical flames), and hence the flame 
propagated into  regions of varying turbulence. 

The empirical  equations for the  variations of turbulent flame velocity  with 
turbulence  intensity in the  approach atresm are given i n  table V-II. Since Reynolds 
number can be related to  intensi ty  by the  equation R e  a u* (ref. 51, the data of 
references 3, 5, and 12 can also be campared. The comparison of turbulent burning 
velocities by different  investigakors is Micult, however, because of the varied 
techniques used t o  study the flame and the  different  interpretations of the  location 
of the flh surface. For -le, in reference 5, in which the Fnnermost boundaxy 
of the flame brush was used, turbulent burning velocities w e r e  considerably higher 
than those of reference 3, i n  which a mean flame surface was used. In deciding which 
of several  relations t o  use, it ia best a t  present t o  choose the one obtained in the 
experiment that most c l o s e l y  resenibles the  condition for xhich the data w i l l  be used. 
For approximate estimates of turbulent burning velocity, the expression of reference 
3 is recommended for its convenience. 

The increased rate of burning of a fuel-air mixture in a turbulent flame compared 
with a laminax flame mey be due t o  any one or a combination of three processes: (1) 
The turbulent  flow may distort   the flame so that the surface area is markedly in- 
creased, while the normal component of the burning velocity remains the laminar flame 
velocity. (2) Turbulence may increase the  rate of transport  of heat and active spe- 
cies,  thus  increasing the actual burning  velocity normal t o  the flame surface. (3) 
Turbulence may rapidly m i x  the burned and unburned gas i n  such a way that the flame 
becomes essentially a hmogeneous reaction, the rate depeding on the ratio of burned 
t o  unburned gas produced in the mixing process. The f b s t  two processes have re- 
ceived the major emphasis in the  consideration of turbulent W e e n  burner, tube, and 
V-flames, w h i l e  the thFrd  process has been considered far some combustor systems. 

Turbulent Flmnea 

Damkijhler theory. - Damkijhler (ref. 5) pioneered in theoretical  considerations 
of turbulent  flames. He considered separately the cases of large-scale {greater than 
t he  flame thickness 81, small-intensity  turbulence, and small-scale (e 61, large- 
intensity  turbulence. He readily admitted that both  situations existed in most 
flames, the  large-scale  turbulence  being of greater importance in combustor applica- 
tions. Damkijhler points  out that the eddy dlffusivity t alone may not be sufficient 
t o  describe  the  effects of turbulence on flames, since E = 2u1 and both 2 and uf 
may have U f e r e n t  influences on flame propagation. It is necessary,  therefore, t o  
know both  the  scale and intensity of turbulence. 

In the  case of large-scale,  low-Intensity  turbulence, Damkijhler suggests that 
the flame w i l l  be wrinkled but that the laminar transport  processes w i l l  remain v i r -  
tually unaffected. This is not unreasonable If Uge-sca le  turbulence is considered - 
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t o   cons i s t  of large  eddies, w i t h i n  whfch the molecular proccaaes of heat tranafer 
and diffusion  take place independent of the mrement of the eddy ELB a whole. 
Damkohler suggests the  fol lming  picture:  

+ 

(b) 

In the  caee of a lamfnsr f la t  flame with constant Uo = Up,u the   s i tus t ion  
is obtained. If velocity  fluctuations u are introduced,-h.awwer, the  velocity a t  
some points w i l l  be Uo + u, snd a conical Bunsen-like flame retaining a Ilolpal 

flame velocity U F , ~  will be obtained. Where Uo - u exists,  a local  flash-back 
w i l l  occur. In the  case of flash-back,  the flame surface area continues to   increase 
so that the   spa t ia l  rate of flame movement increases with the, and hence the  dis-  
t o r t i on  is greater where the  velocity  fluctuation i s  negative. In order t o  rwerse 
the  flash-back,  the flow velocity must exceed Uo + u. The velocity  f luctuations 
thus produce a wrinkled flame. 

Equation (1) of chapter IV s h m  t ha t  for a constant U F , ~  tke flame area vill 
be proportional  to  the flow velocity; hence, the mean f l o w  through the  turbulent 
flame U p , ~ p  a u t ,  where u' = 6; or, if 2 is constant as is t rue  for   tube flow, 
UF,T f .  Since 6 a Re, it fol lms,   according  to  Ilamkijhler, that  UF,T = R e  for 
large-scale,  low-intensity  turbulence. Because of the complex nature of the vrln- 
kling, Damk6hler concludes that the exact re lat ion between Reyno1d.e number and U F , ~  
cannot be written,  but only the  proportionality. As is evident f rom figure V-16, the *. 
turbulent flame velocity measured by Damkbhler urling the inner luminous surfsce is 
linear  with Reynolds number at the  higher Reynolds numbers. Since  the higher Reynolds L 

numbers were produced in tubes of large diameter, they do represent  large-scale tur- 
bulence i n  which 2/6 varies from 2.7 to 2.1. Actually, the  equation  representing 
the  straight  portion is of the form Up T = a R e  + b, and Damkbhler at t r ibuted t h e  
the term b t o  small-scale  turbulence. For a different  interpretation of the acype 
data, see  the  discussion of Delbourg'a theory. 

. 
I 

& 
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I n  order to  explain  the  influence of s m a l l - s c a l e  turbulence on flame velocity, 
Damkitihler investigated t h e  change in diffusion and heat transfer with Reynolds m e r ,  
since the small-scale turbulence is assumed t o  produce no roughening of t h e  flame 
surface. In thermal mechanisms of flame propagation, the flame velocity is related 
t o  transport  properties by the following re lat ion from equation (39) of chapter IB: 

Since  xJcpo 
mines the turbulent 

= V ,  it follows that  up,^ a 2/;;. In turbulent flow, 5 deter- 
heat-transfer  coefficient so that 

can  be used i n  turbulent 
veloci t ies  would then be 

X T c =- 
cpPo 

fLame equations.. The r a t i o  of turbulent  to laminar flame 
given by 

IkmkGhler points  out that equation (lo), unlike  the relations far large-scale turbu- 
lence, shows the d i rec t  dependence of the  flame ve loc i ty   ra t io  and not merely pro- 
portionali ty.  It should be remembered, however, that this is true only if the 
remaw terms in equEbtFon (39) of chapter N are not  influenced. by turbulence. 

Equation  (10) would permit  the  calculation of turbulent fhme veloci t ies  far 
e ~ d l - s c a l e  turbulence.  Since  the  value of e changes across the  burner diameter, 
however, and only a mean flame velocity w a s  measured by Dmkkjhler, a dfrect cmpazi- 
son was not  possible. Damk&ler constructed a hypothetical inner flame cone using 
equation  (10) and 811 equation for the radius and height for laminar flames. He then 
calculated a mean turbulent flame velocity from the constructed flame shape. The 
dotted line in figure V-16 indicates  reasonable agreement  between his calculated and 
experinaental results. 

Shelkin  theory. - Shelkin (ref. 17) expanded on hmk&Ler's model af turbulent 
flame propagation  but, in generel, came to  eimilar  conclusions. He assumed from the 
early  thermal  theories that the  flame velocity  could be represented by 

where 't is the  reaction time. 

I n  the  turbulent case, molecular and tmbulent heat transfer would be combined 
so that 
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may be m i t t e n .  If it is assumed that X L  + 'WT = y O 6 ,  Damkijhle1~ equation is 'a. 
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For l a r g e s c a l e  turbulence,  Shelkin a l s o  assumes that only the flame area 
changes. He ass~mes that the flame break8 in to  cones and that the   r a t io  of the tur- 
bulent  flame  velocity t o  laminar flame velocity w i l l  be equal t o  the   r a t io  of the  
surface  area of the average cone to   the   mea  of i ts  base. The height of the cone I s  
taken  to  be  proportional to   the   in tens i ty  of turbulence ut V-2 for   the  
verrhtion of cone height with velocity) and is given by tu' The surface  area 
of the  cone is then 

of the base is cA = s ( 2 / 2 )  . Hence the   r a t io  becomes, after 2 

(b = 2 f o r  a cone, but Shelkin prefers  the  arbitrary  constsnt b.) !This reduces t o  

DEMkijhler's equation when ( b ~ ~ / U p , ~ ] '  > > 1  or  when u' > +,L; hence, Shelkin con- 
cludes that Damktjhler's equation  applies  for  large-scale,  high-intensity  turbulence. 
For very  large  intensities,  Shelkin  suggests that the flame breaks up in to  small 
islands and that the rate of burning depends only on t h e   r a t e  of mixing SO that 
Up,r a u1 and is ccanpletely  independent of Up,=. While thi8 is  evidently not the 
case  for  burner flames (see fig. V-17), it is reasonable that some canbustor  condi- 
t ions may e x i s t  where mixing processes  control  the burning rate. 

Scurlock (ref.  10) combines both of Shelkin''s  equations EO that for  small-scale 
turbulence  equation (13) is approached, for  large-scale  turbulence  equstion (E) is 
approached, and both are important where the  scale of turbulence is of the  order at .... . 

the  flame thickness. Scurlock's equation is 
-. 

Delbourg theorx. - Delbourg (ref. 12) investigated in greater deta i l   the  regime 
that  Damk'dhler and Shellsin attributed  to  small-scale  turbul&e *ere the  flame speed 
change8 because of c.bnges  in  the transport properties. baurg, l i k e  Shelkin, 
Introduces an over-all  thermal  conductivity = XL + XT c ,mposed of and 
turbulent components. Delbourg u e s  essentially a thermal  roach to   ca lcu la te  
turbulent flame velocity: Delbourg writes an energy  equatf P analoggous t o  the in- 
tegrated form of the energy  equation (33a) of chapter IV fori laminar flames, and a 
continuity  equation analogous t o  equation (32s) of chapter IV. 

9 

order t o  simp1.W-y integration, Delbourg assumes tha t  the chemical re&tion 
rate LU is directly  proportional  to temperature rather than the u e u d  Arrhenius 

. 
1 

*. 
A 
1 
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reaction rate and use8 mean values f o r  the thermal conductivity X and specific  heat 
c Delbourg' s assumptions lead t o  the following  equation for InmfnnT. flame: P' 

By analogy, he writes for turbulent flames 

where C1 represents  the nontemperature-depenlent terms in the  turbulent  reaction 
rate, and, l i ke  x ,  may be considered t o  be composed of a turbulent and a laminar 
component: 

c 1  = CT + CL 
Some changes in the equation6 axe neceesary t o  obtain a solution i n  terms of meas- 
urable  quantities. From quat ion (9 1, the  turbulent component of thermal conduc- 
t i v i t y  is  proportional t o  the eddy di f fus iv i ty :  

xT a e (20) 

d for  tube flow, 

Since XT i s  therefore  a.furtction of radius, it is CitPficult to   r e l a t e   t he  calcula- 
tions to the measured average flame velocity. A turbulent flame velocity based on 
an average across the tube may be &&in&. 

+ cross-sectional area of tube 

+ surface  area of flame 

By numerid integration of the dffferential equations relata the szrrface area of 
the  turbulent flame t o  measurable quantities, Delbourg gets 

- - = 0.Q128 Reos4 'F T 
'-'F, L 

which is i n  reasonable agreement  w5th his experfmental relation 
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J = 0.088 Reos4 . 
'F T 
UF,L 

As shown in   f igure  V-21, Delbourg points  out that DBmkahler's data are i n  agreement, 
since  they may be represented by an equation 

J = 0.07 Reom4 UFT 
%L 

# 

n d v  Delbourg states that the r a t i o  Up T/UF L is relat ively independent of the  fuel-air  
mixture. 

Karlovitz  theory. - Karlovitz and coworkers (ref. 6 )  studied a model much like 
Damkahler's for  large-scale  turbulence. They consider  the  effect produced as an eMy 
passes  through  a laminar flame front. The time of contact between the eddy and the 
flame is given  by t = Z/%,L. During this  contact  period  the flame is distorted, 
since  the element of flame i n  contact with the eddy is advanced a dfstance '@ i n  
the time t became of the  contact  with  the eddy. The turbulent movement velocity 
I s  then 

The value of 0 is d e t a i n e d  from the equation 
i 

c 

where to = 1/u1. 

Substituting  these  relations i n  equation (261, there   resul ts   the  general 
equation 

uhich, for  t/to 1 (low-intensity  turbulence 1, reduces t o  

and, for t/to >> 1 (high intensity),  reduces t o  

or 
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Karlovitz found that equation (30) represents  the general equation (28) over most of 
the range. If It is assumed that u' Re, then  Karlovitz's  results are in qualita- 
t i ve  agreement with Delbourg's Re variation,  but  Karlovitz shows a dependence of 
the  ra t io  on laminar flame velocity. 

Equations (28), (291, and (30) give only a part of the  turbulent flame movement, 
however. Karlovitz  suggests that the  turbulent motion described by LJ& proceeds 
forward and backward with e q d  velocity  but produces no net movement of the entire 
flame. There must be added to  the  turbulent movement the  one-directional flame m e -  
ment that results from lnminnr flame  propagation so that the  turbulent flame velocity 
is 

I 

* 

.f 

t 

'F,T = '$,T -+ %,L 

The equations fo r  turbulent flame velocity thus become: 

General equation: 

U ~ ,  L 

(33 1 z 

c 

Leason theory. - Leason {ref. e>  also coneiders the  effect  produced when an 
eddy passes through a flame. The physical picture, which i~ based on an eddy con- 
taining a sinusoidal  velocity  profile, i s  Il lustrated in figure V-22. Leason obtains 
from the geometric  consideration alone the  relation 

L 

1 

relat€on for a cone (eq. (151, b = 
Lesson f Ouna that the area 

2 )  If the 
extension 

which w o u l d  be the same as Shelkin's 
Uo i n  the  brackets w e r e  replaced by 
alone did not  account for a l l  of the fl& velocity  increase  with  turbulence. There- 
fore, he added a difpusivity factor simihr t o  Damkbhler's, except that it t&e into 
account the  statist ical .  property of the  turbulent flow. The use of the  entire spec- 
trum of turbulence  intensities, of course, greatly complicates the equations,  but the 
good agreement obtained by Leason between his modified equation and his  experiments 
is sham in figure V-23. Inasmuch as Leason does not give the complete development 
of his equations, it is  difficult t o  evaluate  the r e d t e .  

a- . 
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Scurlock and Grover theory. - 23curlock and G r o v e r  { re f .  18) developed i n   d e t a i l  
the  processes that can produce wrinkling of the flame surface in. turbulent flow. 
Only large-scale turbulence is  considered, and it ie assumed that   the  laminar flame , 

velocity  within  the  wrinkled flame remains unchanged. In  the manner of Shelkin  (ref. 
1 7 )  and Leason {ref. 81, Scurlock and Grover assume that the  passage of an eddy P; - 

through  the  undisturbed flame front produces the i r inkl ing .  A sketch of the assumed 
wrinkled flame shape after the passage of a cer ta in  time is given; note  the similarity 

. c  

to   f igure  v-z~(c) from Leason's m o d e l :  

. 
-. - 

Mean position 
of flEme 

. -. 
(b) Flame a f t e r  

passage of  
time 

It is aseumed that the average  height of the wrinkles is proportional to   the  root-  

mean-square displacement ( ~ 2 )  & a f m  dement from the mean flame front psi -  
t ion  and that the average base width of these wrinkles is proportional  to  the Eulerian 
scale Z2. Considering the wrinkle either as an in f in i te ly  long prism with the cross 
section  corresponding t o  one of the  wrinkles i n  the  sketch, or a8 8 cone with  height 
and base diemete;. as shown, would give  the  ra t io  of wrinkled area  (turbulent flame) 
t o  base  area (laminar flame): 

- 1/2 

w h e r e  C3 = 4C1z/C22. This has the same form as Ehelkin's  equation (see eq. (15) ), 
but the root-mean-square  displacemerit and merim scale have been used instead of 
the  turbulence  intensity and laminar flame velocity. 

According t o  the preceding picture of a turbulent flame, t h e   r a t i o  of the tur- 
bulent 'to laminar flame velocit iee w i l l  depend on both Yz and Z2. Scurlock and 
Grover describe thee   e f f ec t s   be l i eved   t o  be important in &termFning Y2. These 
are: 

- 
- 

(1) Eddy d i f f u s s  associated  with  turbulence in the  unburned gases which tends 
t o  increase ~2 

(2 )  Propagation of the flame Into the unburned gases, whfch tends t o  reduce Y2 
- 

. 
1 

1 
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(3) Flame-generated instabi l i ty  and shear and eddy diffusion, wbich are asso- 
ciated  with  the  density  decrease across a flame and which tend t o  increase - 
P2 

(See ch. II for a more detafled discussion of calcula+uions of the mean displacement.) 
In the  actual flame, however, the flame has moved a distance y = L$ t, so that the 
simple displacement previously calcula€ed does not apply.  Consideration m t  a lso  
be given to   the  change of flame position.  Scurlock and Grover accomplish this by 
means of a mixed (time and position)  correlation  factor €+.y such that 

1 

For very short  diffusion times, FLt% 1 and equation (38) reduces t o  

- * 2(u')2 t a? 
d t  

o r  

For long diffusion times, 
- 

2 Y = 2 U ' Z i t  

where 

It is much w e  difficult to  waluate   the equation 
and Grover derive t h e  equation 

times. 

(39 1 

(42 1 

Scurlock 

and suggest that 2; can be d c u l a t e d  from the  equation 
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The tendency for a  flame to f l a t t e n  and decrease  the flame surface waa treated 
by Karlovitz and coworkers (ref. 6). Scurlock  uses  an essentially similar treatment. 
Consider a single  wrinkle i n  the flame and the  effect  of laminar flame  propagation. 

Burned gas 

Aa i l lust rated,   the  presence of a constant  velocity tends t o   f l a t t e n   t h e  flame, thus 

reducing the   mea   ra t io  +/AL. If the mean depth of the wrinkle is C,(Y2)1'2, the 
distance between the heads of two wrinkles, one facing toward the unburned gae and 

the  other toward the burned gas, is Xl(Y2)1/2. The r a t e  of change of thi~ quantity 
with  time-consiets of two terms, a positive term repreeenting  the rate of movement 
of the apex into  the unburned gas and equal t o  U p , u  and a negative term repreeenting 
EL decrease i n  the protrusion of t he  negative apex into  the burned gas and given by 

- 

- 

thui  be obtained from 

(451 

The negative  sign  indicates  the  reduction  in Y2 due to   the  flame  propagation. 
- 

The last effect  considered by Bcurlock and Grover b the  increased displacement 
due t o  flame-generated  disturbance  resulting from the decreased density of the burned 
gas compared with  the unburned gae. A sketch is presented Ln figure V-24 shgving 
the  shear regions that generate  turbulence i n  a rod-stabilized flame. I n  region 1, 
the unburned gas velocity exceeds the veloci t ies   in  the sheltered eddy region behind 

4 

* 

. 
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the  stabil izer.  In region 2, the unburned gases, which  have been accelerated, still  
have lower velocities  than  the burned gases. Finally, the burned gases are completely 
mixed and a uniform velocity  results. They write momentum balances between the un- 
burned gsses and the gases exiting in nonuniform flow from the combustion zone (shear 
regioE 2 in fig. V-24), and between the unburned gases and the gases exiting in uniform 
flow after complete mixing (burned gases of region 3 in fig. V-24). F r o m  these two 
momentum balances  they  solve fo r  half the  difference in the squaxes of the  velocities 
of unmixed and mixed burned gaees; this  quantity  represents  the maximum kinetic energy 
that would be available for the  turbulence  generation from this source. Assuming 
that th is  energy is equally  divided among the  three  directions  to produce an isotropic 
turbulence  inteneity u$, 

or 

The value of 5 so calculated may be combined Kith u; of the approach etream t o  
give the total intensity u* in   the flame aa follows: 

The  combined displacement for  the three  effects can then  be  calculated from the 
sum of equations ( 4 3 )  and ( 4 5 )  wherein u' is calculated by equation ( 4 8 ) .  

A comparison of the shape and thickness of turbulent flames resulting from a. - 
consideration of the  three processes  influencing Y2 Ls shown i n  figure V-25. The 
curves of IJF,T/UF,~ against initial velocity  calculated from a combination of the 
three  effects  agree w e l l  in shape with the data of reference 3, although the  theory 
does not predict  the strong effect of scale (as indicated by the dependence of 
U = , d U F , ~  on the tube  diameter) found i n  reference 3. Scurlock and G r o v e r  suggest 
that the diecrepancy may be in the  fraction of the kinetic energy of the burned 
gases, which is converted into turbulence having & scale dependence. 

The theories of turbulent fleme velocity  consider  small-scale  turbulence as a 
means of  increasing the heat-tranafer and =fusion  characteristics of the system, 
while  large-scale  turbulence  increases  the  surface area of the flame. The l a t t e r  
condition is probably of the most interest  in  practical  applfcations. !Be theories 
are not yet  sufficiently  dvanced to be of great  value in predicting  turbulent flame. 
velocities. It appears, at t h f s  time, that more reliable  estimates may be made using 
the  empirical  relations listed in  tables V-I and -11. 

Flame-Induced Turbulence 

The theoretical  studies  presented  attempt t o  relate  the  turbulent flame velocity 
to   the  intensi ty  and scale of the approach-stream turbulence. While DamkEhle r ,  
Delbourg, and Leason met with some success i n  th i s  regard, some of the observations 
by Scurlock and Kexlovitz reqUire  additional  explanations. 
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If the  turbulent flame velocity is strongly dependent on the  approach-stream 
turbulence, it would be expected that changes in the   in tens i ty  of turbulence  should 
be r e f l ec t ed   i n  the flame  velocity.  Scurlock  (ref. 10) f o d  in h i s  V-flame experi- 
ments that the  insertion of screena i n  the approach flow had a negligible  effect  on 
the  measured flame velocity. He explains  this phenmenon  by suggesting a m a  in 
which the approach-stream turbulence merely is  added t o  a much stronger  turbulence 
produced by the flame itself. As burning  begins at the  s tabi l izer ,  as shown in fig- 
ure V-24, the unburned gas around it must ei ther  expand or  accelerate.  Since the 
gaa flow is enclosed i n  a tunnel,  the unburned gases  accelerate,  producing  shear 
f orces between t h e  burned  and unburned gas and creating a highly  turbulent flow. I f  
the shear forces become suff ic ient ly  great, as may occur at very  high velocit ies,   the 
flame may not  be  able  to transfer heat and act ive  par t ic les  at a suff ic ient  rate t o  
propagate. This suggests that too much turbulence can be  detrimental   to flame propa- 
gation and is  consistent  with  experimental  observationa of flame s t a b i l i t y  (ch. V I ) .  

. Karlovitz  (ref. 6) subsequently found it necessary t o  consider  flame-induced 
turbulence for open flames as well.  Since he used an angle method t o  determine tur- 
bulent flame velocity, he was able t o  measure flame velocity ae a function of t he  
distance from the tube edge. Using equation (32) to   calculate   turbulence  intensi t ies  
from his  measured turbulent flame velocities,  Karlovitz found that the  calculate& 
u'  agreed with  the u' measured by a hot-wire anemometer d y  at  the  burner rim, 
and, as sham in f igure V-26, the  calculated  u '  is considerably  greater  than  the 
measured intensi ty  a t  other points. It was mentioned previously that the expansion 
of t he  burned gas may %ither accelerate  the unburned gas or cause it t o  expanb. In 
the  closed pipe, a velocity  increase was suggested. With the open f-, Karlovitz 
suggests that the expansion of t he  burned gas  from the flame, which is oriented. a t  
random angles, produces randm fluctuations in the  unburned gas, thus  increasing the 
turbulence  intensity. The turbulence  intensity  increases as the  burning proceeda 
from the base t o  the t i p  of the flame. Karlovitz computes the maximum flame- 
generated  turbulence f r o m  an equation  based on the expansion ra t io ,  where 

The calculated  flame-generated  turbulence is sham i n  figure V-26, and it is evident 
t h a t  this  could account for the  discrepancy between calculated and m e a s u r e d  turbu- 
lence  intensit ies.  

APPLICABILITY OF FlAME S'IVDIES To JET-mINE C W B T I O N  

One of the  chaxacteristics that the turbulent  flames  considered in  this  chapter 
have i n  c m o n  is the  apparent  existence of a continuous  flame  surface. While i e l a n d s  
of flame may be broken away frm the main body of flame under high flow conditions, 
such flames have not  received much study. The flames existing f n  pract ical  combus- 
t o r s  may or may not have a continuous  surface. It appears  reasonable that a P l a n e  
burning frm a flame holder, a t  least under conditions of moderate flow velocity, 
should  resemble  the V-flames discussed  herein. There is no analogy, however, between 
these flames and the highly broken-up flame in a turbojet  combustor. Heverthelesa, 
if these islande of flame behave &B individual  burning  spheres,  each  such  sphere mey 
retain  the  burning  characterist ics of the  turbulent flames discussed  in  this  chapter.  

Despite the uncertainty in the  prediction of turbulent burning velocity,  the 
flame dimensions  included  herein may be used t o  compute the  space  requirements  for 
combustion under a given flow condition. It may be assumed, f o r  example, that the 
envelope of a turbulent -sen flame  represents  the minimum volume necessary far 
complete  combustion of the mixture flaring i n to  the flame. Correl8tfone based on 
t h i s  and analogous concepts are presented in  subsequent chapters. 
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Propane-aira 3,ooO-40, OOO 

Ethene-air8 
Acetylene-aira 

Relation Refer- 
ence 

UF,T a Reoo5 5 
UF,T = Cl + C@e 

U F , ~  a U P J L  Reos4 12 

aFuel-oxidant ratio for maximum turbulent flame velocity. 
~~ 

Wltane-air 
Stoichiometric 
1.25 Stoichiometric UF,T = UF,L [1 + ( 2 4  + 0.0147 Uo)(u'/U~,o + 0.01)l 
1.50 Stoichiometric UF,T = UF,L 11 + (77 + 0.0406 uo>(U*~, + O-Ol)] 

%,T = 'F,L [l -!- 0.02 Uo{u'/Uo -!- 0.04)J 

* . Propane-air; 
stoichiometric 
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Laminar Turbulent 

Figure v-1. - Comparison of direct photographs of a Laminar and 
turbulent flame at the same flow rate, fuel-air ratio, and 
burner size. . 
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Ffgure V-3.  - Time exposure of luminous turbulent flame showing 
boundaries of flame brush and mean surface about which instantaneous 
flame front oscillates (ref. 3). 
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Figure V-6. - Sketch of V - f l a m e  showing quantities used in 
calculating f h e  velocity (re. 10) . 
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Fraction fuel burned, F 

Figure V - 7 .  - Calculated  vmiation i n  ratio of flame width to chamber width with 
f rac t ion  of fuel burned up to point of measurement of flame width (ref. Lo). 

It- 



. .. . . . 

I' 

+I . .  m .  

. . . . . . . . . . . 

I .  9. 

.O 
Fraction tlibe radiue, r/rt 

Figwe V-8. - Variation i n  r a t lo  of turbulent  to laxlnar flame velocity 
wlth fraction of radial distance from tube axis t o  rim, for  stoichio- 
metric acetylene-air and natural gas - d r  flames. Reynolds number, 
25,000 (ref. 6) . 
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Figure V-9. - Effect of f u e l  concentration on laminar 
and turbulent flame velocities of propane-oxygen 
mixturea (re. 5 )  . 
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Figure V-10.  - Effect of f u e l  concentration on turbulent flame 
velocity of ethene-air  mixtures at various Reynolds nuuibers. 
Constant density and viscosity; 3/8-fich burner (ref. 3) . 
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Figure V-12. - Effect of air-fuel r a t i o  on turbulent flame 
velocity of Catbridge c i ty  gas - air mixtures measured 
f rom confined V-flames at various chaniber entrance ve- 
loci t ies  (ref. 10) . 
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Figure V-17. - Effect of Reynolda m&er on r a t i o  of 
turbulent to laminar flame velocity  for -carbon- 
air flames. Comtent denetty and viecoaity (ref. 3). 
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Figure V - l 8 .  - Variat ion of ratio of turbulent  t o  laminar flame 
veloc i ty  with parameter v* ( U o / U F , ~ ) .  Propane-dr flames on 
various  rectangular  nozzles at va r ious   fue l - a i r   r a t io s  and 
v e l o c i t i e s  (ref. E) . 
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acreen. Propane-air flames inaide 5.4-centl- 
nteter tube moving against flow velocity of 
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inb3n6ity for varlous probabiuty percentage6 (ref. 9) . 
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energy to turbulence (ref. 10) . 
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FLAME STABlLlZPlPIOH 

By Gordon L.  Dugger and Melvin Gerstein 

The discussion of flame stabilization  presented 5n this chqter i s  limited to 
studies Orp open flemes burning f r o m  the  ends of cylindrical  tubes or nozzles and of 
confined flames burning from single flame hqlders i n  small, ram-jet-type combustion 
chambers. The description,  definition, and sFgnfficance of critical boundary  veloc- 
i t y  gradients,  penetration  distances, and eddy stabil ization are given. Also in- 
cluded are experimental data and correlations of t h e  effects of various flow param- 
eters and chemical factors on flame s tab i l i ty .  Some instab€l i ty  phenomena connected 
with the propagation of nonturbulent flemes are discussed- Finally, theoretical  
treatments  for  the  prediction of  critical boundary velocity  gradients and for sta- 
bi l izat ion  in   the  recirculat ion zone behind bluff bodies (eddy stabil ization) are 
considered. 
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SYMBOLS 

The following symbols are used i n  t h i s  chapter: 

area 

constant 

r a t i o  of rod diameter to  tube diameter 

exponent 

collision  concentration 

exponent 

specific  heat 

diffusion  coef'ficient 

dlameter 

character is t ic  dimension of flame holder 

activation  energy 

f r i c t ion   f ac to r  

fue l -a i r   ra t io  

mass-flow rate 

bouudaxy velocity  gradient 

r 
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K 

k 

M 

m 

P 

9 

R 

R e  

r 

T 

T3 

U 

V 

X 

X 

Y 

z 

6 

Q 

x 

IJ. 

r 

P 

Q 

$ 

heat-supply  rate 

property of multifuel mixture 

constant 

molecular w e i g h t  

exponent 

pressure 

percent of stoichiometric  oxidant I 

U n i V W S a  ga5 COMtmt 

Reynolds nuuiber 

radius 

temperature 

ignition temperature 

fundamental velocity 

volume 

mle fract ion 

distance 

fract ion of stoichfometric fuel concentration 

coll ision  factor 

reaction-zone  thickness 

f ract ion of entering  fuel 

thermal  conductivity 

absolute  viscosity 

k F n m t i C  Vi8COd.ty 

density 

equivalence r a t i o  

volumetric  ratio 

Subscripts: 

a air 

a v  average 

b blow-off 
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m mixture 

0 Mtial conditions 

P penetration 

r rod 

req required 

8 sheltered zone 

st etoichiometric 

Open Flames with Secondary A i r  

The velocity-concentration reeons  far the  various  stabiUty phenomena typical 
of open burner flames with secondary (ambient) air, w h i c h  have been s t u d i d  by a 
number of investigators  (e-g., refs. 1 to 3), are schematfcally illustrated in f ig-  
ure VI-1 .  When the approach velocity t o  a seated open flame is decreased unt i l  the 
flame velocity exceed.6 the approach velocity  over some portion of the burner port, 
the flame flashes back into  the burner. Thia flash-back always occurs in the un- 
shaded area under the flash-back curve in  figure VI-1. If', on the  other hand, the 
approach velocity is  inereased unt i l  it exceeds the flame velocity at every  point, 
the fleme Kill either be extinguished completely when the conditions f a l l  in the un- 
shaded region to the left of the  blox-off curve or, for fuel-rich mixtures, it uill 
be l l f ted  above t h e  burner un t i l  a new stable  position in the gas stream above the 
port is reached as a result  of turbulent mixing with and dilution by secondary air. 
The llft curve is  a continuation of the b l o w - o f f  m e  beyond a critical percentage 
of the fuel gas at paint A. The blow-out curve correeponas t o  the &as velocity_ - 
requlred t o  extinauish a Uted flame. Once the flame has been l i f ted  above the =-& vehtocity must be decreased to w e l l  below the lFft velocity  before 
the flame vill drop back and be reaeated on the burner rim. Between fuel concentra- 
t ions A and B, the blou-out of the Lift& flame occurs at a buer velocity  than 
the flame blou-off from the port. Such a l i f t ed  flame, at constant composition, can 
be produced only by ignition from  above the port. 

Flames Deprived of Secoadary Air 

Burner flames may be  deprived of secondary air either by m-ng the flame 
with an aanular f l o w  of an inert gas (ref. 4, p.  267) or by @Litti= the flame 
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(Smithells  separator-type  burner) so t h a t  t he  outer mantle burns above an outer con- 
centric  tube, thus  depriving the inner cone  of access t o  the secondary air (ref .  5 ) .  
In  either case,  blbwibff  curves  pass  through a maximum near the  stoichiometric con- 
centration  (fig.  VI-2) and therefore  are slmilar in  shape to fLeme velocity  curve^ 
(e.g. ,   f ig.  IY-3) . The decrease  in. blov-off velocity  with  increasing  concentration 
on the rich side i s  not observed v i th  open flame8 having  access to-secodary air, 
because, as a r i c h  mixture is diluted by secondary air through  molecular and eddy 
diffusion,  the flame velocity i s  kept high and the  blar-off  velocity  continues  to 
increase.  For  the same reason,  Lifted  flames do not  occur In t he  absence of second- 
ary air. Flash-back is, of course, unaffected by  secondary air. The blow-off  be- 
havior of confined flames burning from flame  holders is similar, as i l l u s t r a t ed  by 8 
figure VI-3 f o r  a hydrocarbon f u e l  burning from flame holders of various  diameters 8. 
( r e f .  6 ) .  These flame liolders w e r e  mounted across the 1-Inch dimension of a 1- by 
4- by 12-inch combustion chamber. 

b 

I 

. .. 
v 

. .  

Another type of s t a b i l i t y  diagram that eliminated  the  effect of flame-holder 
diameter  for rich blow-off from spherical flame holders in a 1- inch   f ree   Je t  at 
atmospheric  preesure is demonstrated i n  reference 7 .  Fuel mass flow w a e  p lot tea  
against e3r mass flow, as shown in figure VI-4, in which the rich  cmves form a 
common envelope. 

Critical Boundary Velocity  Gradient 

Flames stabil ized on burner. - The condi t ions  for   s tabi l i ty  may be described 
in terms of laminar flow, regardless of whether the flow in the tube i s  laminar or  
turbulent,  because in   e i the r  case there i s  a laminar sublayer at the stream boundary 
( r e f .  1) . Any point of equality between f l o w  velocity and flame velocity must l i e  
Hithin  the laminar sublayer,  because the gas velocity at the boundary between the  
sublayer and the  turbulent  core i s  greater than  the flem velocity. !Che velocity 
gradient in this region near the  stream boundary where s tabi l izat ion must occur may 
be assumed constant i f  the width of the region i s  mall compared vith  the  tube diam- 
e te r .  I n  reference 3 (p. 2 8 2 ) ,  curves for flash-back of natural  gas flames indicate 
tha t  this assumption is satisfactory for carrelating flaeh-back data obtained w i t h  
tube diameters larger than  the flame-quenching diameter. The c r i t i c a l  boundary 
velocity  gradients  for  flash-back and blow-off have been used quite  successfully 
both t o  correlate  flash-back or blow-off data  obtained with burners of various  sizes 
and shapes ( r e f .  3, pp. 282-5002, and ref - 8) and t o  correlate  turbulent  with laminar 
blow-off data (e.g. ,   refs.  2 and 9) . 

The interaction of the flame velocity and the critical boundary velocity gra- 
dient   for  a Bunsen flme can be understood by reference  to  figure VI-5. Figure 
VI-S(a) i l l u s t r a t e s  how t he  flame posit ion shifts with  increasing  gas flow, the flow 
increasing from flame position A t.a C . As the flame moves away from the  burner 
port,  the  fringe of the flame moves closer   to   the stream bourdary. The reason for 
t h i s  can be seen by considering also cmves A, B, and C of figure V I S ( b ) ,  which 
represent  the  variation of flame velocfty  with  distance from the stream boundary f o r  
flame positions A, B, anit C.  In  all these m e s t  the flame velocity i a  constant 
far from the stream boundary, b u t  at smaller distances the solid burner rim exerts  a 
quenching effect  on the flame by extracting  heat and destroying  renotive o h a h  
carriers,  and the flanie velocity  decreases. At some amell distance from the stream 
boundary, t he  quenchfng becomes complete and the  flame velocity falls to zero. 'l!he 
height of the flame fringe above the rim (fig. VI-s(a)) has h e n  called the dead spnce 
above the rim. As the flame move8 up from position A to position B or C, the 
loss of heat and act ive  par t ic les  diminishes, the  region of constant flame velocity 
extends  closer t o  t he  stream boundary, and the   f r inge of t he  flame approaches the 
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stream boundary. For lean mixtures, there i s  a limit to this movement b w e r d  t h e  
stream b o w ,  because there is superimposed on the  quenching effect a flame 
velocity  reduction due to the  diffusion of external (secondary) eLr in to   the  unburned 
gas - This dllutlng effect increases as t he  flame moves away f r o m  the  burner I Thus, 
flame  velocity  curve C may represent the limit of approach of the flame frLnge 
tasard  the stream boundaxy for a lean mixture. For a r i c h  mixture,  secondary-air 
di lut ion may increase the flame velocity;   for a very r l ch  mixture, a s t a b l e   l i f t e d  
f leme m a y  be obtained several tuhe diameters above the port  (fig. VI-6; mte t h a t  
t h e  base of the fleme is at the  point of turbulent break-up of the laminar jet 
issuing from the  port;  the  turbulent eddy diffusion €6 required to mix suff ic ient  
secondary sir wlth the very r i c h  mixture so t h a t  a nearly  stoichiometric  mixture 
r e su l t s ) .  Conversely, curve A of f igure VI-S(b) may represent  the limft due t o  
quenching t o  which a stable  flame can approach the burner rim. 

For  any  flame velocity  cmve  betueen the limit- curves A and C ( f i g  . 
V15(b)),  there Ku1 be a gaa flow f o r  which the   s t ra ight  line representing the 
boundary velocity  gradient i s  tangent to the  flame  velocity curve ( l i nes  2 to 4). 
Any l i n e  such as 1, which represents R smaller gradLent than Ilne 2, will intersect  
curve A, and there  will be a region w h e r e  the flame velocity exceeds the gas veloc- 
i t y .  As a result, the flame will f l a sh  back I n t o  the  tube. Any gradient larger than 
l i n e  4 w i l l  cause the  gas  velocity  to  be everywhere greater than the  flame velocity, . 
and the f l a m e  will blow o f f .  Hence, madients 2 and 4 are called the critical bound- 
ary velocity  gradients for flash-back and blow-off, respectively. 

The critical boundary velocity gradients f o r  B u n s e n  flames are calculated from 
equations  for  the  frictional drag -sed by a wall. For f u l l y  developed laminsrr 
flow through a Long cyl lndr ica   tube  (Reynolds number < ZlOO), t h e   c r i t i c a l  boundary 
velocity  gradient may be found by differentiating  the  Poiseuille  equation (ref. 3, 
p .  279), which gives 

The more general  equation, which holds   for  any ei ther  laminar 01: turbulent flow, is 

where 

F f r i c t ion   f ac to r  from empirical Fanning equation (ref. 9) 

For  the laminar flow  condftion through long cylinders  conaidered in equation (1) , 
F = 16/Re.  The following expressions are given in  reference 8 f o r   t h e   f r i c t i o n  
factor  i n  laminar f l o w  through V ~ ~ ~ O U S  types of burners: 

Type of burner Equation Frict ion 
factor,  F = 

Short  circular  port  (orifice) 

(6) 29 .8/RelmZ9 Lo& tr iangular channel 
(5) 40 4 ~ ~ 1 - 2 7  Long rectangular channel 
[ :{ l8. 9/Re1- Long square  channel 

8 .5/Reo 

In all these  cases,  the  diameter uaed in computing R e  is the  hydraulic fiemeter, 
that is, twice the  cross-sectional area of the channel  Uvided  by  the perimeter. 
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For turbulent flow i n  long, smooth, cylindrical tubes, several  equations have 
agpeared i n  the l i terature .  The empirical equation of B l a s u i s  (see ref. 9) i e  used 
in  references 2 and 8 t o  10. For 3000 R e  < 100,000, this equation  gives 

F - O.OBO/Re 0 -25 
(7)  

Others  (e.g.,  ref. 1) have used the  empirical  equation of Koo (see ref. ll), which 
for the  range 5000 C Re -= 200,000 gives 

F = 0.046/Reo’2 

For f lox in the transition  region between laminar and turbulent flow 
(2100 R e  3000 to 5OOO), there is no available  equation  for F. Some estimate of 
F i s  obtained from arbitrary  curves  connecting the curves for Laminar and turbulent 
flow ( r e f .  11) . 

Flames supported on vLres or -6 .  - A mechanism similar to that for burner 
flames can be applied  with some success to  flames  supported on wires or rods, but  
t h e  correlations are not as goo& a s  those far burner flames, and other mechanisms 
have been proposed. Nevertheless, it is of i n t e r e s t   t o  examine this  theory for 
supported  flamea. Lewis and von Elbe ( r e f .  3, p. 245) visualize  the  stabil ization 
as shown in   f igure  VI-7.  In figure m-7( a) ,   the  COnC8pt of the fluw around a w b e  
located coaxially wtth the flow i s  e h m .   J u s t  above the wire, there is a region of 
zero flow velocity followed by a gradient t o  the stream flow. A t  position A above 
the wire, the  condition shown in figure VI-7(b) exists, i n  which the flame velocity 
i s  everywhere  lower than  the f l o w  velocity and a stable flame cannot exist. The 
flame would thus be forced upward, away from the wire. A t  a position more remote 
from the wire, such as position B, both  the f b w  velocity and the flame velocity In 
this reglon  increase, the flame velocity  increasing more rapidly than the f l o w  
velocity, 80 that   ult imately R point of tangency exists as shown i n  f igure VI-7( c), 
which corresponds to condition of stabi l i ty .  The increase  in  flame velocity is  
limited, however, since it presumably w i l l  agproach  laminar flame  velocity when the 
quenching action  of the wire is reduced, but  the f l o w  velocity can be increased so 
that   ult imately the f l o w  velocity exceeds t h e  flame velocity at all points and the 
flame blows off, as shown by the curves of figure VI-7( d) . As long as the  wire does 
not  heat up and i s  Bmaller then M c e  the dead space i n  diameter, L e v i s  and von Elbe 
predic t   tha t  the velocity  gradient  for blow-off is independent of wire diameter. 
However, larger wires  prcduce a large  sheltered  region, EO that a higher flow veloc- 
i t y  and a higher boundary velocity  gradient are reached before blow-off occurs. 

The critical boundary velocity Gadients f o r  flamee anchored at the end of an 
axially mounted wire or rod may be calculated by difTerentiating  the  equation  for 
f lar through an annular spaee, which gives (ref. 3, p. 289) 

Penetration  distance. - An arbitrarily defined quantity that has been used t o  
i l l u s t r a t e  the e f fec t s  w wall quenching and secondary-eir dilution (e.g., refs.  1, 
3 (p.  28S), 9, 10, and 12) is the  penetration  distance 5: 

. 

. 



NACA RM E D 7  VI-7 

s 
I 

c 

& . 

This  ratio of fundamental flame velocity to  c r i t i c a l  boundary velocity  gradient  rep- 
resents  the  distance from the  burner wall at which t h e  local stream velocity is 
equal  to  the fundamental f Lame velocity (f l g  . Vr-8) . The penetration  distance is t o  
be  distinguished from the mall dead  space at the  w a l l  (fig. VI-8(a))  or  the dead 
space above the rim (fig. VI-B(b)) where quenching is complete and the luminous zone 
assumes a posit ion  parallel  to the  gas-flow Ues .  For the case of f lash-back, thts 
distance approximates the  depth of penetration of the  quenching effect of a single 
wall, that i s  , the  distance from the wall at which the  local flame velocity becomes 
m e r  than  the fundamental flame velocity of the  mixture a s  a resu l t  of quenchtng. 
In the case of blow-off,  secondary-air dilution also affects the  penetration dis- 
h c e ;  for a lean mixture, secondary-& di lut ion would tend t o  decrease  the flame 
velocity and thus  decreaae the penetration  distance, whereas f o r  very rich mixtures, 
it would have the  opposite effect. (The maximum flame velocity  generally  occurs 
ui th  a mixture s l ight ly   r icher  than stoichiometric.) The subject of penetration 
distance i s  discussed further in the theoretical   section of this chapter. 

Stabil ization by Eddies 

While the mechanism of Lewis and von Elbe i s  reasonable for supeorted  flames 
as w e l l  as f o r  burner flames, some of the characterist ics of supported flemes are 
not as w e l l  described  as i s  deairable.  Support& flames do not always blow off as 
the  theory  suggests,  but often small residual flame remains in the wake of the 
support. Lewis and von Elbe have, i n   f a c t ,  shown that thia  region is not  character- 
ized  by a linear velocity gradient but that eddies are formed just after the  support. 
These are shown schematically in figure VI-9, i n  which the eddies are apparently 
stabil ized by the  flame, since f o r  a given f Lar the  eddy i s  smaller with ignit ion 
t h n  without.  Reference 13 suggests  that  these eddies ac t  a s  a source of heat and 
active radicals and thus provide a constant  ignition  source to stabi l ize  the flame. 
The  nature of these  eddies and the flow around them will determine when b h - o f f  
occurs,  because an equilibrium w i l l  be set up between the production  of heat k t  the  
eddies, i ts  t ransfer  to the surrounding flow, and the igni t ion requirements. This 
subject i s  also discussed later i n  th i s  chapter. 

EZFEC!C OF VARIPBLES ON STABILITY LlMITs 

Flow Varriables at Constant Pressure and Temperature 

Characteristic dlmension of burner or flame holder. - A number of investigators 
have found tha t  flash-back and blow-off limits of open flames burn€ng from tubes o r  
nozzles at room conditions ere independent of tube diemeter when plotted as fuel 
concentration  (or  eqavaence  ratio) against the critical b ~ ~ n a a r y  velocity  gradient - 
Lewis a n d  von Elbe  (ref. 3, pp. 282-300) plotted flash-back limit data f o r  natural 
gas - air , hydrogen-&, hydrogen-oxygen, acetylene-oxygen,  methane-oxygen-nitrogen, 
and propane-oxygen-nitrogen flames i n   t h i s  manner - They found the critical boundary 
velocity gradients for  flaeh-back gfb to   be independent of tube dimter ae long 
a s  the diameter was somewhat Larger than  the quenching diameter but  not so large 
that flash-back was preceded by a severe tilting of the flame, in which case the  
lldt was not clearly distinguished. 

The critical boundary velocity  gradients for blow-off &, of natural gas - 
afr mixtures in the laminar f l o w  region w e r e  also illdependent of diameter  both f o r  
ordlnmy Bunsen flames and for Borne i n v e f t e d  flames stabil ized at the ends of wires 
mounted i n  the axes of  the tubes.  Successful  correlations were obtalned vfth gb 
for  several   other fuel-oxygen-nitrogen mixtures in lamlnar f low.  Reference  2 pre- 
sents a correlation  extending from the  laminar-flow range w e l l  into the  turbulent- 
flow range on a continuous  curve for  propane-air flames for  a range of tube  diameters 
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as shown in f igure VI-10. This figure shows that the  cmves for the small tubes 
deviate tarard higher  velocity  grsdients only above a propane mole fract ion of 0.15. 
Reference 1 also presents continuoue  curves frcrm laminar into turbulent flow for 
butane-air flames. Furthermore, it w a a  shown that   the  hydrogen-air data of refer- 
ence 3 (pp. 292-293) when properly  calculated gave & similar gmooth curve  extending 
into the  turbulent  region. 

For blow-off limits of simple, single flame holders i n  amall combustion 
chambers, vaxious  investigators have found correlations  with a.parameter &,/ayb 
plotted  against  fuel  concentration, where d* i s  the  characterist ic dimension of 
the flame holder and b i s  an empirical exponent (table VI-I). For example, i n  
reference W, a correlation was obtdned f o r  b I 0.45 with rods varying in  diam- 
eter f r o m  0.016 to 0 -498 inch ( some of which w e r e  downstream of turbulence-producing 
screens) f o r   c i t y  gas - air flames in a two-dimensional codust ion M e r  I by 3 
inches i n  cross section (fig. V I - l l )  . Reference 6 reports  the data of f igure VI-3 
t o  be correlated with b * 0.5 far equivalence r a t i o s  below 1.5. However, it was 
found in reference 14 that b I 0.18 gave tbe best correlation far new data on rcd- 
stabi l lzed c i t y  gas - air flemes, and that ,   for   lean hydrogen-& flames and far 
propane and ci ty   gas  flames i n  certain  ranges of velocity and concentration, b i s  
negative. 

Axially mounted cylinders arPa cones in high-velocity streams (200 t o  900 ft/sec) 
near the open end of a 6-inch pipe were used in reference 15, i n  which a correlation 
was observed Kith difuneter for b = 1.0, when a high-boiling mixture of paraffins 
and naphthenes w a s  used. DeZubay (refs .  16 and 17) used disks  mounted wi th  the 
diameter noma1 to the fIow in a cyUndrica3  duct. He  obtained a correlation with 
b = 1.0 for naphtha, 0.85 for pmpane, a.nd 0.74 for hydrogen. D e Z ~ i b a y  pointed  out 
that, in the  case of reference I 3  (and the  same comabent would epply t o  refs. 6 and 
18), the  projected flame-holder area was proportional  to the characterist ic dimension 
d*, because in a l l  c a s e s  the  flame holder extended across a duct of fixed  xidth. On 
the other hand, f o r  DeZubay's data (or  those of ref. 15) , the  projected area is pro- 
portional to the diameter squerred. Hence, all the correlations  except  those  recently 
reported in reference 14 are close  to  Uav,dAV2. These and other  empirical  come- 
Latiom (refs. 6, 7, 13, and 15 t o  19) involving the characterist ic dimension d* 
are summarized i n  table VI-I. 

On the  other hand, Barrhe  and Mestre (ref. 20) recently showed a lack of 
correlation  with  characteristic dimension, because, f o r  a cylinder, a 90° gutter, 
and a flat plate,  each having a projected wfdth of 5 mtlllmetere, three different  
sets of velocity-concentration  curves were obtained.  Gerstein (ref. 20) suggeets 
that for greater generality the  correlat ing parameter  should  account for differences 
Fn flow about  obstacles of different shapes. The dimension  sought may be, f o r  
example, the  lateral width of the  vortex formed behind the  obstacle. In cold flow, 
a cyl5nder with a projected width of 0.75 Inch has a vortex width of 1.09 inches, 
w h e r e a s  EL flat p la te  of the same projected width produces a vortex 1.39 inches vlde 
under the  same .flow conditions (ref. 21). The use of these relative vortex  widthe 
would bring the data of reference 20 for  the  cylinder and the  fat plate  together. 
Unfortunately, such  egreement b a e d  on cold-flar vortex widths may be fortuitous, 
because the flame does  influence the f l o w  (ref. 22). (Reference 13 reports  the 
a tab i l i ty  limits for a  given  sfze flame holder t o  be unaffected  by chmnber width f o r  
r a t i o s  of simulated chamber width to stabil izer  characterist ic dimensions from 10 
t o  79.) In  general,  then, the velocity-concentration limits for open burner flamea, 
o r  for open flames supported a t  t h e  end of dally mounted wiree, may be correlated 
by t h e   c r i t i c a l  boundary velocity  gradient. For confined flames suppor'bed on flame 
holders, an empirical correlation of the  type 
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may be applicable, w h e r e  c i s  of the order of 1/2; for greater generdity,  a f unc- 
t ion of some 1-h or area associated  wtth the flow about the obstacle might be 
used in place of A U z .  

Turbulence. - It has alreedy been noted that blaw-off data for open flames on 
tubes of vaxious diameters are correlated by a single curve of critical boundary 
velocity  gradient  against fuel concentration for both lmimr and turbulent flow. 
Turbulent flash-back i s  not ord inar i ly  encountered. in  laboratory experiments, but, 
with very-high-velocFty flames {e .g., HZ-02 flames, ref. 23) in large-diameter tubes, 
or at  increased press&e, it may occur (ref. 12). The for turbulent flames i s  
always greater  than that f o r  e laminar flame of the smne mixture,  because the lmlnar 
boundary layer at the d l  ~ L t b l n  which  stabil ization must occur becomes smaller. 

Scurlock (ref. 13) produced knam turbulence in the approach stream of confined 
flames by means of screens. AB the  intensity of turbulence was increaed, blow-off 
vdocxLties decreased (fig. VI-=). The effect  of turbulence ~f given s d e  and 
intensity decreased  with  increase i n  the ra t io  of flame-holder diameter t o  turbulence 
scale. Contradictory resul ts  are reported in reference 19, which states that placing 
a flame holder farther f r o m  the source of turbulence  (closer t o  the conbustion- 
&umber exit), where the  irdenaity and frequency of turbulence are S e r ,  decreased 
the stability limits. 

Boundary-Lager thickness. - In reference 24, the thiclmess of the lmundary 
layer on a flame holder was v a r i e d  by ranovFng p a r t  of the layer by suction through 
grooves in  the flame holder. It was reported  that  both  the  data of reference 24 and 
other data show no effect on blow-off velocity as long as both  the approach flow 
and the boundaxy mer are Leminar. Lf the approach stream is turbulent, a thin 
Mundary layer may be penetrated t o  favor blow-off. When the boundary mer itself 

stream  turbulence, but the  effect may be more severe because of the absence of the 
ImrLnar buffer layer between the combustible mixLure and the recirculation zone. An 
increase i n  the flame-wedge angle at the farthest qstream point of flame h o w  
increased the fLeme-hoMing ability.  In reference 7, the  effect  of boundary-- 
rqmoval from the flame holder (qproxhuate ly  1 percent of the total flow) was . 
studied; it w a s  found that flame heights were drastically reduced and blow-off 
velocities w e r e  halved. 

i s  tWbUleIltJ blow-Off  i s  RCCdera -  in the  Same manner as it is promoted by Up- 

Reference 25 reports that, for stream velocities of 80 to 180 feet per second, 
the  theoretically complete r e m o m  of the bourdary layer mark&ly decreased the blow- 
off velocity of a fuel-lean f lame and sl ight ly  deqeased the blon-off velocity of a 
fuel-rich flame. It was also observed that blowing aFr ink the b m a r g  
decreased the   s tab i l i ty  of lean flames and increased the s tab i l i ty  of r i ch  flames. 
A stable pi lot  w a s  obtained by blowing propane into the boundary layer, even nhen 
the mafnstream fuel concentration was zero. 

In summary, boundary-layer removal has no effect when both the approach f l o w  
and the boundary layer axe laminar; when the lamLnar boundary layer becomes very 
thin because of =roach-stream  turbulence, o r  Tmen the boundery Layer itself becomes 
turbulent, i t s  removal reduces Stability. Lean flames are affected w e  than  r ich 
f lemea. 

Electric fields. - Reference 26 reports that longit" e lectr ic  fields, 
either  alternatfng  current at 400 cps or direct current  with the positive  electrode 
Fn the burned gas, approximately doubled the blow-off velocity of a given propane- 
air burner flame as the voltage uas increased from zero t o  2000 volts. The rate of 
increase of the blow-off Urnits decreased rapidly after 2ooo volts. 

I 
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Reference 27 opnflrma the preceding longitudinal &red-current  f leM results 
in a study  with  butane-air flames. In the a m a t u s  of reference 27, the  downstream 
electrode was EL platinum  ring .mound the  outer  tube 01f skirt of a Bplit-fLame burner, 
and therefore the blow-off curves obtaFnea were typical of confined flames. The 
inner fLame cone aae subjected t o  8 direct-current f i e l d  of zero t o  18,000 volts, 
which caused a current through the flame of zero t o  100 microamperes. Further re- 
sul ts   obtained  for  a posit ive f ield (posit ive downstream electrode) w e r e  as  follars: 
(1) Concentration limits could be videned 200 percent, (2) dead space could be 
reduced 70 percent, and (3) flame  preasure muld be more than doubled. When the 
dawnatream electrode was made negative and the Wect-current voltage was increased, 
it was found that (1) concentration llmits nexrowed at  low voltages, b u t  the seme 
widening obtalned  with  positive  fields was obtained a t  the higher voltages; (2) 
velocity limits increased i n  an erratic manner; (3) dead apace passed  through a ma- 
imum (at  highest  voltages the flame  vibrated  rapidly and then became "derby" shaped) j 
and (4) flame pressure  decreased and then increased with  increasing  voltage. 

With a transverse e lec t r ic  field of 15,000 volts,  the  concentration limits were 
m v e d  by 43 percent w i t h  a flow rate of 6 1  cubic  centimeters  per second, regard- 
less of whether or  not  the flame was deprived of secondary air by  using a quartz 
mantle (ref. 28)  . As stated previously, the inner cone and the  f l o w  l ines  inside 
the  cone w e r e  strongly  deflected t o m  the negative electroile. The addition of 
a l k a l i  aalts had l i t t l e  effect on the  deflection of t h e  flow l ines .  

Acoustical  disturbances. - Reference 26 reporte   that  strong acoustical  disturb- 
ances  decrease  the blow-off s tab i l i ty  lfmits of propane-air flames. In certain cases, 
an  increaee k~ sound intensity caused a seated b w E r  flame t o  lift above the port, 
but when the  sound h h r m i t y  was again decreased, the flame blew out. The eddy motion 
in the  emerging gas jet  caused by the sound had stabi l ized  the f h e .  - 

Predsure and Temperature Variation 

Pressure. - Reference 29 has already been  mention& with regaxd to  flame veloc- 
i t y .  The data are actually  presented on w h a t  might be considered stability diagrams 
for  velocity-preaeure Units for stoichiometric acetylene-oxygen ana propane-oxygen 
flames. For a given a w e ,  a different  velocity-pressure -curve for each burner 
nozzle diameter was obtcLned, as shown in figure VI-= for propane-& flames. Each 
of these  curves  consists of a blov-off branch t o  the upper left a d  a flash-back 
branch to the  r ight .  The lower part  of each curve, which has a negative  slope and 
connects the blow-ofT and flaeh-back  portions,  represents the extinction limit where 
the flame dies o u t   b e c w e  of i t e   i n a b i l i t y  t o  supply enough heat o r  active  radicals 
t o  a sufficient volume of gas to cont inue  the  pmagat ion.  

The curves of figure V I - l 3  were obtained by varying  pressure along a constant 
volumetric flow Une such ae AB until either flash-back,  blox-off, or extinction 
occurred. The narrowing of the  flash-back  extinction neck in the curves at lover 
v e h c i t i e a  was more pronounced for acetylene-&  flames. In  t h i s  ngck region, flat 
flames w e r e  obtained, aad the cumpmted flame velocity droppea below the non-pressure- 
dependent value obtained when this region was avoided. The minimum of each Curve 
represents a minimum propagation  velocity for the mixture, which apparently i s  not 
greatly affected by  pressure  or  tube diameter. The limiting  pressure  for conibuetion 
of a given mLxture at a given  velocity w&s inversely  proportional t o  tube diameter. 
In other words, the  blow-off extinction  curves of figure VI-= mag be brought together 
by plot t ing  cr i t ical .veloci ty  aga$.net the  product Iza, (see a lso  r e f .  12) . This i s  
snalogous t o  the use of the correlating  parameter U/& for blow-off from spherical 
o r  disk-shaped flame holders  (table VI-I) . 

. ". 
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Reference 30 presents  the  extinction c m e  for stoichiometric propane-cLlr 
flames  burning f r o m  Bunsen tubes or A-om round-end rods mounted dally in tubes. 
The d i n c t i o n  velocity was proportional h pa. The length of the  extinction 
curve w a s  increased by mems of longit- electr ic  fields, mch displace blow- 
off curves tarard higher velocities as discused previously. Reference 31 reports 
that  the c r i t L c a l  velocity  gradient for flash-back gpb increaeed  pressure f o r  
methane-- fKrm l/4 t o  1 a-sphere, o r  gpb a po -6 to 0.8. This order of magnitude 
of the pressure  effect   quditatively agrees with  the  varying  slope of the flash-back 
curves of figure VI-13. Since the data of reference 31 showed flame velocity 
Up a p-‘.24 for  methane, the penetration  distance was approximately inversely pro- 
portional to pressure. The critical velocity gradLent far b l o w - o f f  & also in- 
creased uith pressure (ref. 31) . While the blow-off data w e e  more er ra t ic  than 
the  flash-back  data  for methane , was approximately praportional t o  pressure  for 
both methane and butane in the range 114 t o  1 atmosphere. 

It has already been stated that the contradictory  reports on the effect of 
pressure on flame velocity may very probably be ascribed to  apparatus  effects. It 
is equally  likely that the results of studies of stability limits and structure of 
open flames at vezious pressurea are subject to unknown apparatus effects. R e f e r -  
ence 15 reports that, f o r  cylindrical flame holders munted &ally near the end of 
a 6-inch  pipe, pressure changes between 1 and 3 atmospheres had l i t t l e  effect on 
blow-off limits from large-diemeter flame holders (2.87 in.) . References 7 and 16 
report blow-off results for Bmaller disks o r  spheres t o  be correlated by a parameter 
including  pressure in the  denominator (table V I - I )  . 

back 
air  
ture 

Mixture temperature. - The effects of initial mtxture temperature on the  f lash- 
and blow-off limits of open flames of methane end d r  (ref. 9 )  and propane and 
:ref. 10) have been studied recently. In  theae studies, the burner rim tempera- 
was not much different from the mixture temperature. The critical average 

stream velocity for blow-off of propane-& flames (ref .  lo) from a 15.6-milUmeter 
tube increased with approximately the  square of the  &-lute temperature, whether 
the stream f l o w  w a s  laminar or turbulent - The effect of tqera ture  on the  flash- 
back velocity was an even more pronounced increase, so that there was a r e l a t i v e  
decrease i n  the flow range for  stable flames R S  ahown by figure VI-14. Empirical 
equations for ~CUU~IULRU flash-back  velocity and for turbulent blow-off velocity at the 
same equivalence ratio,  1.12 which was also close t o  the equivalence r a t i o  far max- 
Fmum flame velocity  {ref. lOj, took the same form a s  emgfrical maxtmum flame veloc- 
i t y  equat ions.  For the temperature  range 306O t o  617O K, these were :  

For maximum flash-back velocity, 

uav ‘3. 100 + 1.15x10 0 -9 +.2 

For turbulent blow-off velocity, 

Neither critical boundary velocity gradient, c r i t i ca l  mass flow, nor critical stream- 
flow Reynolds number entirely eliminated the effect of temperature on these  atabil i ty 
limits. O f  these three parmeters, the critical Reynolds number (using only one tube 
diameter) most n w l y  e m a t e d  the temperature effect, particularly  for blow-off 
limit, ad sham in   f igure  VI-= - The penetration  distance decreased with temperature 
f o r  flash-back and increased for blow-off. A comparison of twice the  penetration 
distance xp with reportel  values of the quenching distance between paral le l   p la tes  
xI I shared the ratLo 2xp/x,, to be 0.6 to 0.7. The suggestion was made that  this 
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r a t i o  was lesa  than 1 because a m_t.n-lmllm apace was required for the occupancy of the 
flame itselP in   t rave l ing  through a tube o r  between para l le l   p la tes .  Approximately 
the same value of 2 4 x  I I was observed i n  reference 3 (p. 285) for natural gas - 
a i r  f lames at room conditione. The prediction of the  effect  of initial sure tea- 
perature on critical boundary velocity  gradients is discussed i n  the  theoretical  
section  hereimfter . 

O t h e r  investigatbtions  have also report& critical average velocit ies t o  be pro- 
portional  to To t o  a power equal to or  greater than 1. It was found in reference 
32 t ha t  Uav a To f o r  f lash-back of coke-oven gas  flames when only  the air was pre- 
heated. This reference  reports the temperature  exponents t o  be 1.63 and 1.3 f o r  
laminar and turbulent  flash-back,  respectively, of c i t y  gaa - air flames. References 
33 and 34 give Uav a T o  f o r  blow-off of  liquid-vapor-oxygen  mixtures. 

The effect  of approach-stream  temperature onblowoff from cylindrical. flame 
holders in  two-dimensional ducts has been studied in references 6 and 18. The data, 
which cover  temperatures ranging from 610° t o  9 Oo R (339O t o  533O K), were corre- 
lated  reasonably well by p lo t t i ng  Ua, /4 '5  Tk*' against  equivalence  ratio. The 
temperature exponent was believed  (ref.  6) t o  be representative of t h e  effect  of 
temperature on flame velocity as shown by the data of reference 35. On the basis of "" 

the larger temperature  exponents reported from the  majority of flame velocity  invee- 
t igat ions  ( table  VI-I), the correlst ion i s  regarded as strictly  empirical ,   particu- 
larly since  the  penetration  distance  for open flames has been shorn to vary wi th  
temperature. 

In  general, then,   s tabi l i ty  llmits for e i t h e r  open o r  confined flames ere pro- 
p o r t i o n a l t o  initial temperature t o  some power greater than 1, probably - 2  fo r  
blow-off of open-burner flames, >2 for  flash-back of open flames, and -1.2 far 
blow-off of rod-stebiliz& confined flames. Undoubtedly, the exponents v a r y  with 
concentration and fuel  type and are  influenced by  such factars as w a l l  temperature 
and water vapor. - . .. . . . . . . . .. 

Liquid fuel .  - In references 33 and 34, the blow-off, flash-back, and Lift 
curves of open flames were determined f o r  a variety of l iquid  fuels burning Kith air  
or oxygen a t  initial mixture temperatures  ranging f r m  l25O t o  535O F.  Insufficient 
heat wsa added t o  completely  vaporize the  fuel .  The s t ab i l i t y  curves were quite 
similax t o  thoae for completely gaseous aystems, except f o r  low To and high concen- 
trations when a large part  of the fuel remained in the l i q u i d  state. For a given 
lean mixture and given  burner geometry, t he  blow-off velocity was proportional t o  
To. Both ordinary burners (diam. approx. 0.1: t o  0.2 in.) and skirted (split-flame) 
burners  (skirt  dim. of arder of 1 in.) were studied. With very  rich mixtures, 
lifted f l a ~ ~ e 5  w e r e  stabilized near the s k i r t  exit by a vortex f l o w  of secondary a h  
when the s k i r t  length beyond the burner exit was approximately 3 inches;  with  longer 
skirts, the hot skirt itself stabil ized  the flame. 

Reference 36 reports studies of the stability of rod-stabilFzed  flames  using 
l iquid  fuel.  It was found t ha t  flames could be supported in much leaner mixturee f o r  
sprays than for gaseous mixtures. This w a s  at tr ibuted to the  fuel-concentrating 
action of the stabil izer.   Increasing  the  volati l i ty o f  the fuel and decreasing  the 
drop eize i n  t h e  spray tended to  shif't the stability curves tovard the  r ich  side,  
these chauges tending to approach more closely  the  mnditions  for gaseous  mixtures. 

Vapor fuel concentration in the eddy region  near  the  stabilizer may be  higher 
than t ha t  i n   t h e   f r e e  stream when liquid spray  lnJection is used. The v q o r  con- 
cent ra t ion   in  the eddy depends on the collection  efficiency of drops from the free 
stream onto the stabilizer 8nd the heat  transfer between the flame, the stabil izer,  
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and the  llquid.  Increased air velocity moved the  lean and r i c h  blow-out Ymit t o m d  
the lean s ide   for  sprays, as contrasted  to gaseous  systems where the  lean blow-out 
limit moves to the r i c h  side as velocity i s  increased and the  rich blow-out moves 
toward leaner fuel-air   ratios.   Stable conii~ustion of sprays  uas possible at much 
leaner fuel-air ratios  than w86 possible w i t h  gaseous fuels .  It was suggested (ref. 
36) t h a t  flame extinction  occurs in two w a y s :  As the spray  fuel-&  ratio becomes 
r ich  because of Ucreaslng the f u e l  flow, more of the  l iquid fuel reaching  the flame 
holder  sloughs off xithout burning. The sensfble  heat  carried by the liquid f u e l  
cools the  flame holder and reduces  the vapor concentration to a point where flame 
can no longer  be  stabilized. Aa the spray fuel-& r a t i o  becomes lean, less f u e l  
impinges on the flame  holder and the flame-holder temperature rises. Ultimately, 
the flame holder becomes dry and the flame-holder temperature rises sharply. A t  t h i s  
point, an insulating  f i lm of fuel vapor surrounds the flame holder,  reducing the 
heat transfer t o  the surmUnaFng spray. Again, the rate of vaporization decreases 
and the flame blows out. 

Flame-holder  temperature. - Reference 13 repor t s   s tab i l i ty  limits t o  be widened 
considerably as flame-holder  temperature Ls increased.  This was confirmed i n  ref - 
erence 37, in xmch, for lean  mixtures, the mass a i r - fue l   r a t lo  a t  blow-off was 
l inear ly  related t o  flame-holder temperature for velocit ies of 30 feet per second or 
@eater, but was independent of flame-holder tenperatme at velocities below 20 feet 
per second. On the  other hand, l i t t l e  change was observed (ref. 6) in the  m t s  
for a fLame holder that was al loued t o  seek i t s  equilibrium  temperature  (various 
mixture temperatures and ve loc i t i ee   t o  600 ft/sec) ES qar& Kith a water-cooled 
fLame holder. Flash-back ad blow-off velocit lee for burner flaws may a l s o  be 
increased by  heating  the  burner  lip,  thus  decreasing the thermal  gradient  associated 
with the penetration  distance. 

Increasing  flame-holder temperature may have E deleterious effect on the sta- 
bll izat ion of flames supported by f u e l   q r a y s  (ref. 36). In fact, the flame mey 
actually  be extinguished by adding sufflcient heat to the flame holder. While the 
addition of heat to  the  s tabi l izer  may am€& vaporization for suall heat additions, 
ultimately, sufficient heat may be added to produce either a too-rich region ne= 
the stabi l izer  o r  a f i lm of vapor f u e l  which, as for lean blow-out,  reduces heat 
transfer from the   s tab i l izer   to  the liquid  fuel.  

Chemical Variables 

Fuel  type. - It w a s  observed in reference 1 that CuTves of critical boUnaary 
velocity  gradients gb ag8J.nEt percent of stoichiometric  oxidant  concentration w e r e  
nearly the same for propane, butane, d Pittsburgh natural gas (largely m e t h a n e )  . 
Rowever, gases  with higher flame velocit ies - Newark c i t y  gas, hydrogen, and 
acetylene-oxygen - shared much hi&- values of a, and therefore  penetration a s -  
tances were amaller; for -le, hydrogen had a penetration  distance of 0.00033 
centimeter compared with 0 -076 centimeter f o r  propane, both f u e l s  burning with 130 
percent of stoichiometric air. I n  other words, the quenching effect  of the w a l l  i s  
much smaller for  the  higher-velocity  flames. Since the gb curves on semilog paper 
were nearly linear, reference 1 auggests the  empirfcal  equation 

where q is  percent of stoichiometric  oxidant (volume basis) and a and k me 
constants that must be determined f o r  each f u e l  gas. A aimilar effect f o r  flames 
held on disks In a circular  duct was point  out b D e Z u b q  (ref. 17) . He noted tha t  
the exponent b i n  the blow-off parameter U/d*z decreased as molecular  weight 
decreased from naphtha t o  propane to hydrogen, b u t  t h i s  is also the order of 
fncreashg flame velocity. 
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Additives and f u e l   b l e n d i q .  - Reference 38 reports  studies of the   e tab i l l ty  
of mixed f u e l s  wtth vortex  burners  having (1) radial fuel   inject ion from the  axis, 
or (2) radial f u e l  iqjection from the  periphery. In  each  type, the mixing of f u e l  
and air occurred i n  t h e  burner with tangential air admission. Mixing was rapid and 
uniform. The flame was seated in a divergent nozzle at the open end of the burner 
(pressure-recovery  section) . mese vortex burners are reported t o  be  useful for 
studying  flame s t a b i l i t y  of both slow- and fast-burning  mixtures  with a single burner. 
The following mixing equation was found t o  apply for a common blow-off velocity 
(to be exact, a hold  velocity, which is  one flow increment less than  the  blar-off 
velocity) as well as f o r  a common flaiae  velocity  for a l l  studies of binary hydro- 
carbon mixtures (e.g., propane-propene and propane-ethane) : 

where 

XJ mole fract ion of jth f u e l  in m u l t i f u e l  mixture  with a i r  uhich has a given 

X; mole f r ac t ion  of jth f u e l  in 'binary  mixture of j with air uhlch  has a e  same 

blow-off Umit 

blow-off l imit  

It was concluded that the wmbustion mechauim for t he   ve ious  hydrocarbons must 
therefore be campatible an8 that all hydrot5arrbons burn  according t o  the same 
mechanism for the  initial, rate-determining  steps. 

Propane-hydrogen (refs .  38 and 39) and m e t h a n e - m e n  (ref. 40) were also 
investigated. A simple l inear mixing rule  such 88 

cannot be used t o  determine s tab i l i ty   l fmi t s  of these  binary  mixtures of hydrocarbons 
with hydrogen, but  equation (E) can be used t o  deternilne blow-off limits for lean 
hydrocarbon-hydrogen mixtures (ref. 38) . A s igni f icant   reml t  of the studies is t ha t  
a small addition of hydrogen t o  a hydrocarbon, par t icular ly   for  r i c h  over-all  mix- 
turee, widens the   s t ab i l i t y  range  because the blow-off velocity  increases much f a s t e r  
than  the  flash-back  velocity (refs. 39 and 40) . 

References 40 to 42 also report studies of mfxtures of methane, propane, or 
hydrogen with carbon monoxide. For the hydrocarbon - carbon monoxide mixtures, the 
critical velocities  or  velocity  gradients f o r  flash-back or blow-off pass through a 
maximum f o r  low hydrocarbon - carbon mnoxide  ratios  for a given over-all equivalence 
rat io .  It appears that these  ratios for maximum limits are such tha t   the  equivalence 
r a t i o  with respect to the hydrocarbon is  of the same o r d e r  as that w i t h  respect t o  
carbon monoxide. With hydrogen - carbon monoxide or hydrocarbon-hydr en mixtures, 
such maximums do not  occur. While the simple l inear mixing r u l e  (eq.Tl6))  does not 
apply for averaging c r i t i c a l  boundary velocity  gradients of single  gaees to obtain 
critical gradients of binary  mixtures, it does work renaonably w e l l  when binary 
mixtures such as CO + CH4 and 5 + CH4 are combined to detenniae t h e  c r i t i c a l  
boundary velocity  gradient of the  ternary mixture CO + Hz + CH4. 

Hydrogen s u l f i d e  decreases  the flame s t a b i l i t y  of hydrocarbons jus t  as it 
decreases  the  flame  velocity, and the extent of the decrease becomes greater as the 
over-all  equivalence r a t i o  is increased. However, lean mixtures of Hz-%S follow 
equation (E) (ref'. 38). Equation (E) was a l a  tes ted  f o r  isobutme-ethene &tures 

. 
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deprived  of  secondary aFr (ref. 4 ) .  It xas found t o  apply for lean mjxtures, but 
the Micat& sumntion was less than 1 for r i c h  mixtures. 

Water vapor. - The addition of 2.5  percent water vapor t o   t h e  primary air de- 
creased the  blow-off, Uft, and drop-back limits of butane flames (ref. 43) . The 
blow-off velocit ies of r i c h  mixtures decreased approximately 5 percent and the  blow- 
off velocit ies for lean mixtures  decreasedby l.0 t o  30 percent. The addition of 
water vapor to the secondary air had lese  effect, although EODE decrease was noted 
at higher  concentrations and velocities. Similarly, the  addition of w a t e r  v q o r  t o  
the primary a i r  decreased the flash-back and blow-off velocit ies of methane flames, 
but  the water content of the  secondary air had l i t t l e  effect  (ref. 41). For carbon 
mnoxide flames, water in either the primary or the  secondary air increased  the 
blow-off velocity,  but the flash-back  velocity  gradient was not  affected  by w a t e r  in 
the secondary air, aa would be expected ( re f .  4l). 

Diluent  concentration. - The effect  of diluent  concentration i s  pres&& in 
terms of the volumetric r a t i o  f = 02/(02 + Hz) by Lewis and von ELbe ( re f .  3, pp. 
299-32)  for methane- and propane-oxygen-nitrogen  mixtures. As increases from 
0.21 (air) to 1.0 for cHq-02-IJ2 mixtures, both flash-back and blow-off velocity gm- 
dients  Increase approximately a hundredfold far conce~trat ions near stoichiometric 
and a thousandfold f o r  Lzan flames. The values of @;b increase somewhat mre than 
those of gfb, so t h a t  a alight widening of the s t a b i l i t y  range results. It might be 
noted tha t   the  corresponding maximum flame velocity  increase is only of the  order of 
10 (fig. IV-ES), EO that penetration  didance near stoichiometric  decreases  by a 
factor of the  order of l0. 

B u r n e r  Flames - C r i t i c a l  Boundary Velocity  Gradients 

Lewis and von Elbe (ref. 3, pp. 379-390 and 425-429) have obtained approximate 
theoretical  equations by which &pb and q, may be calculated Ff flame veloci t ies  
and mi- ignition  energies are known. These equations w e r e  obtained  by  consider- 
ing the flow line f o r  which the stream velocity and flame velocity are equal and 
integrating the energy equation  for a p b n e  conibustion wave. To accomplish the  inte- 
gration for the reaction zone, this zone rras subdivided into an adiabatic and an 
isothermal zone, and it was assumed t h a t  dT/& = (TF - T3)/(xF - x3) for the &a, 
bat ic  zone. Ignition-energy data were used to determine the  inflection-point temper- 
ature T3. Agreement between calculated and experimental gb curves for methane-air 
at room conditions was satisfactory w i t h  regafd t o  the curve ahape, but  calculated 
values were l o w  by a factor of 2 t o  10. Calculated flash-back and quenching limits 
f o r  propane-air  did not even show the  correct trends i n  all cases. 

More recently,  satisfactory r e l B t i v e  predictions of critical boundary velocity 
gradients at var ious   in i t ia l  mixture tanperatures To were obtained  for methane-air 
flatnee by solving equatFon (lo) for g (ref. 9) : 

It was assumed tha t  

?I? - T3 up. a TF - To 
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from the  Malld-LeChatelier  equation  (see  ch. IV, eq. (38)), where 5 1s the 
calculated  adiabatic  flame temperature and T3 . is  the  ignit ion temperature for   the  
flame  reaction zone. (In ch. N, the   factor  x/cP8 was assumed t o  be illdependent 
of temperature.) It was further assumed that, f o r  flash-back, 

xp,fb = T3 - To 
and for blow-off, 

where Do is the =fusion  coefficient  for secondary air diffusing into unburned gas 
a t  To. Assuming T3 to be  independent of To, the  v a l u e  of Tg was calculated 
for  every  pair  of experimentally  determined  gradients  for a given fuel-air  m F x t u r e  at 
two temperatures  by 

and equations (18) and (19) or  (20) . This procedure gave an equation for Tg t ha t  
was cubic  for  flash-back  or  quadratic for blar-off.  The values of T3 ( largest  of 
the real roots) from  various pa i r s  of gradients were averaged, and the average  value 
was used t o  compute grai€ients for the temperature range studied. 

An approach that avoids  the  necessity of determining ICg and that takes into 
account  approximately the  variations in thermal  properties and react ion  ra te  (which 
in   t u rn  i s  r e l a t a  to the  reaction-zone  thickness 8); i s  su&@;ested"in  reference 10. 
T h i s  approach eq loys   t he  modified form of the Sememv equation  (bimolecular  reaction) 
for  flame  velocity ( ch. IV) : 

For flash-back it is  assumed that 

The latter assungtion i s  i n  keeping Kith the Semenov approach f o r  flame velocity, 
because Semenov assumed that Tg w a s  always near Tp and v a r i e d  with % because 
of the  exponential  variation of the reaction rate with temperature.  Equations (22) 
and (23) can be  substituted for Up end x ~ , ~  i n  equation (21) by using activation 
energies from  low-temperature oxidation  studies  in  the  l i terature.  This substitution 
permits   direct   solut ion  for   the  ra t io  of any twu v a l u e s  or gfb' X t  might be argued 
that   the  use of activation  energies from low-temperature oxidation  studies is subject 
t o  question,  but such activation  energies have been used successfully for flame  ve- 
locity  predictions (ch. IV) and must suffice until "e appropriate  values are 
measured. 

.. 

Cr i t i ca l  boundcry velocity  gradients  for  flash-back  (referred  to the @adient 
at 306' K) have been calculated from the  data  of reference 10 using 38 kilocalories 
per mole f o r  E f o r  propane and adiabatic flame temperatures aa follows: 
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Equation (20) for  the  penetration  distance for blow-off may be  oversimplified 
even for  fuel-lean flames, because it neglects  the role of wall-quenching am3. assumes 
that  secondary-air  diffusion  occurs at To only. Actually, the secondary air must 
either t rave l  through the  dead space, where the temperature varies from To to Borne 
value near %, or through the burned gaa (fig - VI-B(b))  . Since q, f o r  many f u e l -  
air mixtures, increases approximately l /Z0 for each OK t h a t  To i 6  increased, it 
follows  that any temperature between To and !l?~ increases less ragidly than To, 
so that it mfght be more reasonable to assme that the aquare root of the   diffxsion 
coefficient  varies  with Toll4.  Hence, taking  the  effect  of well-  quencbfng in to  
account in  the same manner as flash-back, 

In sp i te  of these arguments, however, equation (20) gave aomewhat be t te r  results f o r  
propane-air at an equivalence r a t i o  of 1.12 (ref. lo), as  can be seen from the  
following table: 

~ ~~ ~ ~ _____ _____ 

Initial temperature, Critical boundary velocity  gradient  for  hlar-off,  sec-l 
Measured. Eqs. (Zl), (22), and (24 )  Eqs. (20) t o  (22) 

~~ 

OK 

306 

506 
l0,400 13,000 8,400 6 17 
7,300 8,900 6,600 

""- """ 4, cmo 
422 5,  300 6,500 5,400 

In  summary, ei ther   the method of reference 9 or the  method suggested In refer- 
ence 10 appears to &ve satisfactory  predictions of' the   effect  of temperature on 
c r i t i c a l  boundary veloclty  gradients, but the latter method i s  less tedlous and some- 
what m e  desirable  theoretically because it uses the Sememv approach  with regard t o  
ignit ion temperature. 

Flames  Supported on Flame Holders - Eddy Stabilization 

Reference 13 suggests that, on a thermal b a s h  alone, the quantity of energy 
required from the  s tabi l izer  m l d  be  increase& by (1) increasing the approach-stream 
velocity Uo, (2) increasing  the  difference between the  ignit ion temperature and the 
approach-stream  temperature T3 - To, (3) increasing  the  thickness of the  preignition 
zone, or (4) increasing  the  heat  capacity per unit volume. If, as i n   t h e  early ther- 
mal theoriea, the thickness of the  preignition zone is assumed proportional to the  
thermal W f u s i v i t y  x/p% d i v i d e d  by the laminar flame velocity,  then  the  requfred 
heat-supply r a t e  can be  vr i t ten as 
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A t  blow-off, the  heat  required i s  infinitesimally  greater  than  the  heat 
supplied from the  sheltered zone, *ich i s  given by 

c 

where c is a constant and  where the bracketed  term  ineludes the  factors  affecting 
the  heat-transfer  coefficient from heated  cylinders. In the two-dimensional duct, 
the axe8 for  heat  transfer i s  proportional t o  the rod diameter Q. Equating qea 
and E,, a relation of the form A i  

-. - , 

i s  obtained, where the new exponent b on the rod diameter replaces  c/(l - c) . 
This type of correlation is demonstrated in  table VI-I. 

In reference 44, a quantitative  relation was obtained by considering  the  re- 
circulation zone b e h i d  a flame holder 3a be a steady-state  reactor of volume v. 
If a homogeneoua unburned. gas cure of fuel-air mass ra t io  f enters tkd.s volume 
at  a rate  such that the. air mass-flow rase i s  Wa ( in  g/sec) , and a fraction 8 of 
the en+dn@; f u e l  i s  burned within  the volume, then  the fuel burned i s  W@f E .  This 
quantity must be equal to the fuel consumed bg chemical reaction. Reference 44 . 
states  that  a second-order reaction i a  required t o  account far the observed erfect 
of pressure (stability cor reh tes   v l th  p-1, table VI-I) . The actual  ratio-limitinf 
reactions  are unknown, but  their  concentrations can be assumed proportional t o  the 
~ B B  air and fuel concentrations C, and Cf,- respect1vslg. The colusion i a o t a r  
2 canbinee the  collision number, the  sterio  factor,  and the  concentration propar- 
t ional l ty  conatants. Thus , the  material balance can be written 

L 

c 

war - vcacfz exp( -E/RT) (2.8) 

Now Ca and Cf c m  be related  to   the initial fue l  concentration and the- initial 
temperature  through f and 6 ;  with  the  amropriate  substitutions,  equation (28) 
can be written a8 

where 

T adiabatic f h  temperature oorresgonding to   f ract ion burned 

y fraction of stofchiometric fuel concentration if m i x t u r e  i s  lean, unity if 

. . . . . - - 

. .. 

mixture is  r ich 

f ( R f / M  + R/Z9)2 
M molecular weight of fuel 

If W,/Vp2 from equation (29) i s  plotted  againat 6 ,  curves such as those sketched 
in   f igure VI-16 are obtained for various  concentrations using a given activation 6 

energy. (The equation i s  actually tr iple-vahed in part, but only the value8 indi- 
cated by the solid curves are  of practical   interest  .) A blw-out curve o f  W&p2 
against  concentration can be ob tdned  by cross-plotting the maximum of such curves 

L 

" 
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against  concentration; the maximum could be o'ptdned  directly by  settFng the deriva- 
t ion of equation (29) equal t o  zero, solving for t and by trial and error, md 
substituting  values of 6 and T i n t o  equatfon (29) to obtain  values of W,/Vp2. 

The a i r  mass flow Wa inb the  recirculation zone i s  proportional to   the  
velocity U, to the stream density, which in   tu rn  is proportional to the static pres- 
sure p, and to some function of the diameter d. The zone volume V depends 
almost entirely on some function of d.  Hence, 

wa u -a- 
Vp2 d'p 

which has the same form BB the  correlating  factor used by DeZubay and others If 
b = 0.85 or  Borne such value (table VI-I) . F r o m  DeZubay' s data, Z was estimated to 
be 4 X 1 O x  cubic  centimeters per gram mole (ref. 16) for  E of 40 Bilocaloriea per 
gram mole. These values are reasonable and are comparable  wiith those  obtained from 
classical  kinetics. For a stoichiometric mixture, these  values give a maximum value 
of W&p2 of 40 g/( sec) (a3) ( a d ) ,  which corresponds to  c = 0.72 and a heat- 
release  rate of 190 calories per cubic centimeter per second, o r  77 million Btu per 
cubic foot per hour. These data are used i n  reference W to  calculate  a flame-front 
thickness of 0.022 centimeter. X t  is stated that, since a reported value of the 
f Lame-front thickness of a propane flame is  0 .OS centimeter, or more than M c e  as 
great as the  calculated  value of reference 15, the flame fronts i n  the  recirculation 
zone must overlag. Thus, a state of homog-eity would be approach&, or, in other 
wrds, the  calculated results are not inconsistent with the or- assumption of 
homogeneity.  The general conclusion i s  that under certain conditions wdmstion 
appears t o  proceed homogeneously as a second-order chemical reaction. The gross 
featyres of flame stabilization behind flame holders in  high-velocity air streams 
are explained by t h i s  hgpotheaia. 

Stationsrry open flames W e r e  long considerd evidence that  the laminax combus- 
t ion wave i s  dynamically stable. Analyses of fleme-propagation  (ch. IV) customarily 
s t a r t  with the assumption of a steady-state, one-dimensional flame front.  Many 
investigators had occasionally observed noniaotropic flames, usually in the form of 
olyhedral open flames, in w h i c h  the o r d i m x i l y  anooth cone breaks up into  several 
us- three t o  eight) p e t a l - u e   s u e s ,  convex toward the  unb~rnea gas and sep- 

arated by dark ridges. These polyhedrons could be made t o  remain stationary o r  to 
rotate a t  v a r i a b l e  speeds, depending on eonrposition and flow rate. However, the 
appearance of such flames was generally  considered an abnormal phenomenon. The 
reasons a d  conditions f o r  such instabilities  received little attention  before  the 
recent  studies of o r  f-amPlnted f m s  t u F s   ( r e a .  6 t o  47) and studiea 
of polyhedml open flames ( r e f s .  32, 45 to 48 50, a d  51). l7oniaotrOplc propagatLon 
has also been observed KLth spherical flames [ref. 52). 

P 

Cell Formation aad Surface Break-up of Open-Flamee 

Reference 48 reports that very  lean hydrogen-air or H242-COz flames bud= 011 
a 1.36-centimeter nozzle separated Fnto several  filamenh that  rose f r o m  the burner 
rim and failed to combine into a dosed cone tip. Iche number of filantents increased 
.(or conversely, the  size of the filxments decreased) with Oz/C& ratio,  with fraction 
o f ,  stoichiometric volume percent fuel (between 0.05 and 0.28, depending on the 
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absence or presence of COz) , and with flow r a t e   ( f i g .  VI-17) . The use of a 3.08- 
centimeter  glass f i l t e r   ( s in te red   g lass )  as a burner  enabled smaller, m e  clearly " 

defined,  parabloid-shaped  filaments t o  be  obtained, which were evenly distributed 
over t h e  filter surface. NO effect  of filter porosity was observed. Nonisotropic 
structure was also obeerved in   lean methane-plus-hydrogen flames and r ich flames of 
various hydrocarbons. The  manner of soot  formation in  rich,  polyhedral  flames of 
hydrocarbon-air  mixtures was particularly noted; with benzene,  carbon issued from 
t h e  flame  exclusively as a narrow stream at the   t ip ,  whereas w€th acetylene, it 
appeared in a luminous region that surrounded the cone  uniformly,  except f o r  a dark 
region a t  the t i p  and a cup-shaped region of increased  luminosity  rising f r o m  the 
r i m .  R i c h ,  polyhedral  flames of other hydrocsrbona (e.g.,  butane,  heptane) exhibited 
intermediate behavior; oxygen-enrichment shlfted  the behavior of some of these toward 
the benzene type. " . 

I 

fi 
1 
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I n  reference 50, regions of polyhedral  flames were mapped On flow rate - pres- 
sure diagrams f o r  vaxious rich propane- and butane-air  mixtures and lean hydrogen- 
air mixtures. A typical diagram for a propane-air m i x t u r e  is shcun i n  figure VI-18. 
At conatant prensure and composition within the region  for  polyhedml f l a m e a ,  the 
number of polyhedron etdee increased with increaolng flow rate. Upon the addition 
of 1 to  7 percent hydrogen, which by i t s e l f  only exhibi ts   instabi l i t ies  In lean 
mixtures, t o   r i c h  propane-air air mixtures, the over-all equivalence ra t ioa a t  
which polyhedral flamss ocour were reduced, other c d i t i o n s  being fixed. Adding 
hydrogen t o   r i c h  carbon monoxide - air mixtures, which would otherwise  exhibit 
no polyhedral flames at any ccanposition, a l e 0  produced polyhedral flames. 

The moat 4enerally accepted  explanation of nonisotropic  etructure in riqh open 
flames of hydrocarbons and of scmt formation a t  t h e   t i p  is the preferential  diffusion 
of the oxygen molecules, which m e  lighter than the fuel WleCUhs, t o  tile val leys ,  
where the  propagation i e  faster. I n  lean hydrogen or hydrogen-methane flames,  the 
f u e l  becomes the lighter component and diffuses preferentially.  I p  ei ther  case, it c 
l e   the   d i f fus ion  of combustion producta into -the unburned gas that sets up the con- 
centration  gradients  leading  to this preferential   diffusion. Some investigators 
ala0 believe  in  the  necessity of the presence of hydrogen ( r e f s .  48 and 50), and 
Behrens ( r e f .  48) points  to  the role of thermal  diffusion i n  producing the observed 
soot filaments. Markstein (ref. 45) Used a duferent   a t tack  - an aerodynamic t r ea t -  " 

ment Fnto which he incorporated  the assumption that all transport phenomena could be 
described to a f b e t  approximation by a l inear   re la t ion between flame velocity and 
reciprocal  radius of curvature of the flame frpnt.  Thia aerodynamic treatment 
included  the  effect of gravity. It appears that the  diffusion-kinetics  against 
aerodynamic-instability  question is  yet  unresolved. 

. 

.. . - 

Cellular Flames i n  Tubes 

Nonisotropic  structure of flame propagating through tubes was particularly 
evident  in  flammability-limit studies ( r e f .  43 and ch. 111) . Markstein ( r e f s .  45 t o  - 

47) has made mre definit ive s tudies  insofar as c e l l  diameter dc, molecular weight 
of fue l ,  and pressure  effects %re concerned by studying  near-stoichiometric flcvres 
traveling downward through larger  tubes (10-cm dim.) at L O W  velocit ies.  The  lar 
spatid velocit ies were obtained by reducing the flame velocity  through  the  addition 
of nitrogen and letting the flame travel  against  a emrill, unburned gas  f l a w .  For 
hydrocarbons in   t he  molecular  weight  range 42 to U4, dc a M - Y 3 .  For n-butane-air- 
nitrogen  mixtures a t  pressures from 1/3 t o  1 atmosphere, d, a W3I4. Both of these 
effects were determined far equivalence r a t i o s  between 1.2 and 1.4. 

c 

r . 
Contrary  to  the  results of rePerence 50, Markstein found that the addition of 

hydrogen t o  rich mixturea of higher hydrocarbone  suppressed cel l   s t ructure ,  where88 
addition t o  lean mixtures gave ncnicotropic  structure  vith amall cell sizes. Lle a l o o  ' , 
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observed tha t  a 90 percent carbon monoxide - 10 percent but&ne fuel,  burning  rich, 
gave the same structure as butane.  Reference 47 present8  the  relation between flame 
structure and vibratory mvement with r i c h  methane-~-butane-air-nitrogen mixtures. 
I n  t h i s  study, it was found that, for  a given  equivalence  ratio, average cell s-e 
increased wLth methane concentration  until a noncellular  structure w a s  reached. D i s -  
cussion of osci l la tory combustion may be found i n  chapter m1. 

SIGNIFICANCE OF FLAME STABILIUTION To J X L " E N G W  COMBUSTION 

Hfgh-output combustors requfre  the  stabil ization of flame at velocites of sev- 
eral hundred feet per second. In the past decade, ram-jet engine performance has 
been boosted  dramatFcally at ever-increasing inlet-Etir velocities, but many of the 
gains w e r e  accomplished by cut-and-- methods. I n  order to understand the inter- 
action of flame and f l o w  by w h i c h  flame stabi l izat ion is accomplished, it i s   he lp fu l  
not only to study small-scale ram-jet-type combustion chanibers, but also to analyze 
open o r  confined  flames on Bunsen-type burners. These burner  experiments, which 
allow more rigid  control and separation of operating var iables ,  add to the  basic 
understanding of such factors as  wall quenching and secondary-air dilution. The 
experimental results reviewed in  t h i s  chapter,  together  with some of the  major 
theoret ical  concepts emphasized Fn recent years, ere summarized in the following 
Par&Zrfz?hS - 

For open flames  burning above channels of simple  geometric shape, includfng 
cylindrical  tubes  containing  axially mounted r o d s ,  blow-off or flash-back lincLts for 
various  lengths of the chaxacteristic dimension of a given  type of channel me cor- 
related by means of t h e   c r i t i c a l  boundary velocity gradient, tha t  is, the linear 
velocity  gradlent near the flameholding solid surf ace o r  the stream boundary. For 
confined flames supported on flame holders,  the  stabilization  process is  dependent 
on a recirculation zone behind the flame holder; and, since the size of the  recir- 
culation zone is related to a characterist ic dimension of t h e  flame holder, the  
concentration-velocity limits are ala0 related to flame-holder  dimensions. From 
experimental resu l t s  in the   l i t e ra ture  (and f r o m  theoretical  considerations mentioned 
hereinafter) , it appears that a quantity auch a8 Uav ,b/hc against a cmcentration 
parameter msy correlate blow-off limit data, where A i s  the projected  area of the 
flame holder ma c i s  an exponent of the order of I&.  or greater g e n e r s t y ,  a 
mre direct  function of the recirculation-zone size should  be ueed instead of Ac, 
because obstacles of different  shapes are know to produce vortices of different  
sizes.  

The use of the  vortex  size  rather than the  obstacle size may a lso  correct far 
effects  that   occur when the  s ize  of the  obstacles i s  ~3 longer small compared w i t h  
the  duct  size. As the  size of the obstacle i s  increased, a point is reached a t  *ich 
the  vortex  size  begins t o  decrease; as the  obstacle  size approaches the  duct  size, 
the  vortex may be  considerably smaller than  the  obstacle, and reduced s t a b i l i t y  may ' resul t .  Thus, the  previous  expression  applies  only  for small stabi l izers  in large 

* ducts as long as A re fers  to obstacle dimensions. The use  of obstacles that block 
an appreciable  fraction of the duct cross section (greater than 60 percent) may also 
be  undesirable from other  considerations. The pressure drop would, of course, be 
Ugh, and the  unburned gas  velocities  past  the flame holder would be high. The 
latter effect would make flame-spread- f m m  the  sheltered zone difficult, and only 
a small fraction of the mixture near the flame holder would burn. In a practfcal  
design,  the use of small flame  holders Located at  various  places  within  the  duct 
might a l l e v i a t e  both  the  reduction i n  eddy size  and the  flame-propagation problem. 
Ehpirical correlations based on characteristic  dlaenaions of flame holders are 
summarized in table  VI-I. 

8 



VI-22 - NACA FM E54107 

For open flames,  blar-off limits under conditions where there it; turbulence i n  
t h e  approach  stream are correhted  with  nonturbulent U m i t s  by the   c r i t i ca l  boundary 
velocity  gradient, because in all caaes the  point of stabilization  occurs wi th in  the 
laminar bOoundRry layer. Contradictory  results  are reported on t h e  effect  of approach- 
stream turbulence on blow-off of confined flames from f- holders. When turbulence. 
intensi ty  was increased by mans of vsrious screens, a stabil i ty  decrease  resulted,  
but  another  investigatFon  reported  that  the  stability limi.ts decreased when turbu- 
lence  intensity was decreased by moving the flame holder  domatream. P a r t i a l  removal 
of a laminar boundary Layer haa U t t l e   e f f e c t  on blow-off from flame holders,  unless 
the approach flow i s  80 turbulent that the laminar  sub-layer i s  very thin.  Lean 
fkmes  are affected by boUnaary-wm 'removal mixe"%h&ii r i ch  flames. Blaring a 
gaseous f u e l  in to   the  boundary layer through s l o t s  in  a flame holder may provide 
good pilot  flames. 

A 2000-volt axLal e lec t r ic   f ie ld ,   e i ther  alternating current a t  400 cps or 
direct current with the  positive  electrode in the burned gas can double the blow-off 
velocity and tr iple  the  stable  concentration range for  burner flames. the  other 
hand, a transverse  direct-current field of 15,000 volts decreased  concentration 
limits of butane flames by 43 percent.  Strong  acoustical  disturbances  decrease 
s tab i l i ty   ( see   a l so  ch. V I I I )  . 

For burner flamea, the effect  of preeeure i s  related to tube diameter d t j  
that  is, uav,Jp% i s  a function of concentration. ~n andogous situation i s  en- 
countered  with confined, supported  flames; for example, far disk-shaped  flame 
holders of diameter d, ~ , , , b / p ~  - W O - 8 5  was related t o  fuel-air r a t io  for  propane 
flames. This type of correlation is substantiated  by  theoretical  considerations. 
Scurlock  arrived a t  the  generality Uav,dab = f( concentration) by considering  the 
heat transferred between the eddy region b=ehind the flame holder and the nrainstream. 
In reference W, WdV$ a UavJ,/d$ .I f( concentration) was obtarlnea, where Wa i s  
the  air mas8 f l o w  entering  the  recirculation zone behind the flame holder, and V 
I s  the volume of t h a t  .Zone, which is  considered t o  be a homogeneous, second-order 
reaction zone. The 1 (concentration) results from considering the  second-order 
reaction and a cer tain  f ract ion of the fue l   x i th in   the  zone being burned to produce 
a certain adiabatic reaction  temperature. (The initial mixtw temperature  could 
also be incluaed  through i t 6  effect  on t h i s  reaction-zone temperature .) 

The blow-off velocity of open f laws  hcreases   with approximately the square 
of the  absolute initial mixture  temperature; the  exact exponent vax ie s  with concen- 
t r a t ion  and fuel type and may be  influenced by such factors as wall temperature and 
water vapor. The flash-back  velocity i s  even mre temperature-depedent, so t h a t  a 
decrease i n  r e l e t ive  stability range  occurs ae temperature is increased. The rela- 
t i v e  effect of temperature on c r i t L c a l  boundary velocity ep.adienta may be predicted 
by considering  the  effects of temperature on flmne velocity and penetration  distance 
(Val1 quenching and/or secondary-air di lut ion  effect)  on a thermal basis. Wirical 
correlat€ons indicate that blow-off from flame holders mey depend on a lower power 
of t h e   i n i t i a l  m i x t u r e  teweraturej the parameter  Uav,,/d~2T01'z  correlated dah 
for a hydrocarbon blend. A t  th is   point ,  it might be  noted that the  effects  of 
fwe-holder  area,   pressure,  and temperature might be combfned i n  a correlating 
parameter such as Uav , , /A~Tom where c and m may be of the  order of 0.5 and 
1.2, respectively. 

Liqud-vapor-air mixtures obtained by p a r t i a l   v ~ r i z a t i o n  of =quid fuels  
g e n e r a  gave m a e n  burner   s tabi l i ty  curves similar t0 those for  gaaoUS 8Pt-s- 
B l a - o f f  m t g  can be increased appreciably  by  heating  the flame holder; blar-of'f 

flmh-ba& v e b c f t i e s  of burner flames are also increased by heating the burner 

c 
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rim. Therefore, a heated flame holder, which might, in turn, be used to preheat 
fue l ,  would be advantageous i n  a high-speed engine. 

The effect of fuel type OIL flame velocity was iliscussed Fn chapter IT; a8 
might be expected, the blow-off and flash-back ve lod ty  gradieds are greater f o r  
fuels with high flame velocities.  Disk-stabilized, confined flames became less 
dependent on the disk dlameter for fuels of %her flame velocity. Blow-off veloc- 
ities of mixed f uela generally f o l l o w  the  relation 

where XJ i s  the  mole f ract ion of the j* fue l  i n  the total mixture having a certain 
blar-off velocity, and is the mole fract ion of the jth fuel i n  its binary mix- 
ture with air that  haa the aame blow-off velocity. 

Added water v w r  decreases stability  velocities; 2.5 percent water in the 
primary air reduced the blow-off ve loc i t i e s  of butane  flames by approxFmately 5 per- 
cent for  lean mixtures and q t o  30 percent for r i c h  mixtkes. D e c r e a s i n g  the 
diluent  concentration Fn a combustible mixture greatly  inmeases blow-off and f k s h -  
back velocities; f o r  example, the critical boundary velocity  gradient8 for methane- 
oxygen mixtures are two t o  three orders of magnitude greater than those for  methane- 
air mixtures. This indicates that wgen-enrichment of the inlet air is  another 
method of obtaining very stable flames o r  pilot flames. 

Also reviewed in t h i s  chapter were certain instabi l f ty  phenomena observed i n  
bench-scale equipment and, for the m o s t  part, Kith l&nar flames. The break-up of 
open laminar flemes Fnto cells or polyhedral ehapee i e  belteved by 8 0 1 ~  Lnvestigators 
t o  be diffusion-kinetics  process, while others treat it prfmarily as 8a aerodynamic 
instabil i ty.  

In f ina l  summary, mst of the experimental results for  the 6tabi l i ty  of burner 
flames can be explainea on the  basis of the  interaction between flame velocity and 
f l o w  velocity in terms o f  the critical boundary velocity adient. For coHined 
flames, sCabilization  occurs through the  recirculation zone behind a flame holder 
that  i s  bluff or nonstreamllned on its downstream end. A l l  the gross features of 
this latter type of stabil ization  appeu to be explained by an assumption that the 
recircularton zone behaves as 8 volume of homogeneous, second-order reaction. 
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Figure VI-1. - Charaaterlstic etabiUty diagrem for own flames (ref. 1) . 
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Figure VI-2. - Comparison of blow-off curves  obtained  with  split-flame  (Smithelle) 
burners w i t h  those  obtained on ordinary  single-tube  burners.  Ethene-air mix- 
tures saturated  with water vapor at ZOO C ( re f .  5) . 
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Figure VIA. - Blow-off from spherical flame holders 
Fn 1-inch free j e t  at atamspheric preeeure (ref'. 7) . 
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burner at various distmcee above 
port. 

(a) Rehtion between flame and stream veloc- 
i t y  a8 function of distance from streem 
bountlary 

Figure V1-5. - Interaction o f  flane velocity and cr i t ical  boundary velocity grdient .  
Bunsen flme (reff. 3, p.  2 4 4  
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Figure V I - 6 .  - Lifted turbulent burner flame (ref. 3) . 
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t- d ” f  
(a) Flow lines around rod. 

c 

3uc Flame velocity 

‘ d l  

(b) Burning and f l o w  veloci ty  
in plane A. 

L Flame 
velocity 

l a  I 
D i s t a n c e  from axis 

. .  
(c) Burning and flow velocity (d) Burn ing  and f l o w  velocfty 

i n p l a n e  B. Inplane  C. 

Figure VI-7 .  - Stabi l iza t ion  of conibuation wave by rod (ref. -3, p. 246) - 

. 
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I Qas veloc i ty  

(a) Flash-back.  (b) Blow-off. 

Figure VI-8. - Relat ion between flame- and gas-velocity  curve6 a t  
stabll i tg limits. FOP flash-back,  tube diameter l a  considered 
t o  be at l eas t   twice  the uenchlng  distance  (primes  refep t o  
nonadiabatic oondi t ions)  (fbg permlesion from r e f .  10) .  
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Figure VI-9. - Flow line8 around axially placed rod 
with and without flame (ref. 3, p. 269) . 
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t A 55-MeehY 0.007-111. 1.85 
wire &Lam. 

B-Mesh, .025-in. 5 .oo 
wire dim.  

0 3-Mesh, ,063-in. 

0 2 4 6 8 10 
Air-f uel r a t i o  

14 

Figure VI-12. - Effect of agproach-stream turbulence 
on rod stabilizer blow-off limits of Cambridge c i ty  
gas - air flamee. Screens 2 inches upetream of 
0.038-Inch rod In I- by 3-inch chamber (ref. l3) . 
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Figure VI-14. - Effect of in i t ia l  &twe temperatwe an stable Slam region far propane-alr flame8 on 15.6-millimater 
burner a t  atmmphsric pressure (by permission fiam rei. 10). 
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Figure VI-15 .  - Effect of initial  mixture temperature on critical Reynolds 
mutber for blow-off (by permission From ref. 10). - 
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DlFmTgIOR 

By Richard S. Brokm aad M e l v i n  -stein 

The previous chagters consider oombudion occurring i n  systems in  which the 
fue l  and air are h0mgeneousl.y dfstributed. C h a p t e r  11 discusses the preparation of 
such mixtures. If the m L d n g  occurs  rapidly compared with the c d u s t i o n  reactions, 
or well ahead of the f h u e  zone, burning be considered solely in terms of homo- 
geneous processes. There are systems, however, in xhich m i x i n g  i s  slow compared 
w i t h  the reaction rates, BO that the mfxLng time controls the burning r&. This i s  
t rue  for so-called  dfffusicm flames in which the fuel and oxidant come together in 
a reaction zone through molecular and turbulent  diffusion. The fuel may be in  the 
form of a gaseous Jet or a liquid a d a c e ;  the distinctive CheracterFstic of a dif- 
fusion flame is  that the burning d e  is determined by the rate at which the fuel 
and oxidant ere brought together in proper proportions fo r  r_eacWon~-%%ween the 
'extremes in a c h  the chemical reaction ??&e on the one hand and the mbdng rate on 
the other  control the burning rate, there irJ the region in which the chemistry and 
nt€xing have simils;r ra*s and m u s t  be conaiderea together. This mime region has 
received very Uttle attention in fundamen= studies beoauae of ita complexity, bus 
i s  considered in sate of the practical  system discussed in s&sequent c h a p t e r s .  
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SYMBOL8 

The following sgnihols are used in this  chapter: 

constant 

constant 

transfer number 

concentration 

specific heat 8t constant pressure 

diffusion  coefficient 

diam&er 

mass f l o w  per unit area 

acceleration due t o  gravity 

specific enthalpy 

stoichiometric nwriber of moles of oxggen per mole of fuel 

Jo,Jl Bessel functions of the fifst kind 

K constant 
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Pr 

P 

Q 

R 

R' 

Re 

r 

T 

t 

U 

U' 

W 

w 

X 

X 

- 
X 

Y 

a 

B 

8 

n 

constant 

height of plate 

scale of turbulence 

molecular weight 

WE3 

exponent 

to t& pressure 

Banat1 m e r ,  cP& 

p h i a l  pressure 

volume flow rate 

universal gas constant 

drop distribution parameter 

Reynolds nurdber 

radial. distance 

temperature 

time 

velocity 

intensity of turbulence 

t o t a l  ma88 flow 

stoichiometric weight of oxy-gen per unit weight of fuel 

mole fraction .. . 

distance from drop center 

size constant 

longitudinal  distance 

ParSmeter 

evaporation  constant 

"thickness of port 

eddy d i m s i v i t y  

pammeter 

themad. conductivity 

viscosity 

density 

concentration pezeter 
L 

* .  
. . " 

L 
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subscripts: 

V I I - 3  

t 

v . 
A 

a 

B 

C 

C 

F 

f 

j 

L 

3 

P 

8 

a t  

!I! 

V 

0 

drop surPace 

aFr 

burning 

surrounding atmosphere 

conibustion 

flame 

fuel 

jet 

LaminRr 

liquid 

products 

secondary flow 

stoichiometric 

turbulent 

vaporization 

init ial  conditions 

Gaseous diffusion flames occur upan -tion of a J e t  of fuel enter- e i t h e  
quiescent air or &II air stream. The resulting flame emits heat and light &ad appears 
to have a discrete reaction zone, the appearance cdl which depends oz1 the  conditions 
of burning. Gaseous diff’usion flames axe most ccplrmonly encountered in sFmple home 
an13 industrial  burners, but may exist in any system where Are1 and air axe admitted 
separately, ssd where the dxLng procesees are slaw con@& with chemical reaction 
rates. ryPical ways in which the  fuel and oxidant are  csuaed to interad ere sham 
In figure VII-1 (ref 1, p . 99) . %at of the basic work 011 diffusion f Lames has 
been done with the  concentric tube arrangement (c )  , Bince it h e  the  s-leat geom- 
etry. Arrangement (a) b e  been used fo r  BOW spectroacapic studies M names, W W C ~  
a€? discussed. hemin- 

qppearfmce 

The shape of R laminar flame burning from 8 jet Of fuel depende on the re lat ive 
quantity of air supplied. If an excess of air is present, the flame is a closed, 
elongated figure. Such flamee OCQZT when a J e t  of fuel is gdmitted into a large v d -  
ume of quiescent air or when  two laminar coaxial j e t s  are used, the inner containing 
fuel and the  outer containing an excess of aSr. If the d r  supply in the  outer tube 
i s  reduced below the  stoichiometric propOrtiom, a fan-shaped, UnderventUted flame 
i s  produced. 
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U n d e r  certs;ln  limiting flow conditions,  the flame c m  asaume a more comglex 
structure.  Flame shapes obtained in concentric-tube hydrocarbon aiffusion  flemes 
( f ig .  VII-~(C) 1 for V ~ E L O U S  fuel and d r  f-s are classwed i n  reference 2 .  These 
flame zonea are illustrated in f igme VII-2. Zone 1 indicates a normal, over- 
ventilated dfffusion flame and zone 2 indicates  the  underventilated flame. The 
dotted =ne separating zones I and 2 denotes the make point, smoke agpeazcLng as the 
f u e l  f l o w  i s  increased (see ch. IX) . Zone 3 i l lust rates   overvent i la ted f-0 having  
a meniscus shage without  the yellox g l o w  usually associated with diffusion flames. 
The &ailed meaa are essent ia l ly  zones of unstable flemee. In  the Lover par t  of 
zone 4, there @pear flames that oscilLate f r o m  side t o  side, med lanibent flemes 
in   reference 2, and in the upper par t  of zone 4, rich, tilted flames appear. In the 
lover p a r t  of zone 5 are found toroidal-shaped f Lames, celled vartex flames, and Fn 
the  ugper par t  of zone 5 , lean, tilted flames appear. In zone 6, the flame haa 
begun t o  move anay frm the burner base and correspods to the u f t e d  flames dis- 
cussed in che;pter VI. 

Lf ei ther  the f u e l  flow or the air f l o w  i s  .made turbulent, a brushy, rough 
flame  results. A t  f l o w s  near the critical. transi t ion from laminas to turbulent, 
on ly  the  upper portion of the  flame i s  turbulent, the flame n e w  the burner port 
r e t w  the  appearance of a Jsmiaar flame. Typical changes in t h e  appearance of 
8 gaseous diffusion f 1- as the  f uel-flow velocity i s  increaeed m e  ehaun in f i g -  
ure V U - 3 .  E" line sepaz-ating the  portion of the flame from the turbulent 
portion is called  the  break  point. When the  break  point  closely approaches the 
nozzle, further increase8 in velocity have very l i t t l e  effect  on e i ther   the  total 
flame height (measured from the  burner port) or  the  break point, although the  mise 
intensity  increases. The quantitative  variation o f  flame height  with flow velocity 
i s  treated in a subsequent section. 

Structure 

Unlike the  flame of premixed gaaes, w h i c h  has a very  reaction zone, 
the diffusion flame has a xide region over w h i c h  the  composition of the  gas changes. 
These changes are principally due to the  interdiffusion of readants and products, 
since  the  actual  reaction apparently t & e s   p u c e  rapidly in a narrow zone. The di f -  
fusion flame i a  thu better su i ted  for studies of the temgeraturea end concentration 
prof i les .  Some of the result8  obtained  for both laminar and turbulent  flames are 
d i 8 C U S S s d  herein. 

Laminar flames. - In reference 3, the   dis t r ibut ion of combustion producte in a 
laminm W u s i o n  flame was measured. A probe was 'paCea along the axis of the 
bumrer and gas samples at various  heights were removed. The measuremente f o r  a 
cylindrical  carbon monoxide f h e  are shown in figure VII-4, in which the 0, cO2, 
a Bz concentrations are aham as a function of height above the port .  

1 

I 
x " 

Reference 4 reports measurements of Hz, 02, and Hz concentrations in a 
hydrogen-& difPusion flame at various  heights and radLal distances in the flame. 
The resul t6  are shown in figure VII-5. The measurable O2 concentration e h m  in   t he  
f u e l  side of the flame f ront  is  a t t r i bu ted   t o  air entering the  -ling tube because 
of flame movement.  The structure of t h e  diffusion flame suggested from the analysis 
i s  illustrated i n  figure VII-6, w h i c h  may be considered  generally  typical  for lami- 
nar, gaseous  cliffireion flamea. The figure  share  the fuel gas  concentration at the 
burner  center line dropping t o  zero a3 the flame front, while the  Oz rises from zero 
at the flame front t o  i ts  value in the  anibient stream. The concentration of products 
is a maxirmrm a t   t h e  flame front.  llhe oxygen and fuel axe considered t o  reach the  
flame front in  stoichiometric  proportions and t o  r-wt t o  form product8  inetantane- 
ouely. In the  most theoret ical  treatments, a aimpllfied  picture of the reaction has 
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been aseumed i n  which only one diffusing gas is cmidered.  Instead of treating bpth 
fuel and oxygen varying from their initial concentrations t o  zero at the flame front, 
the  fuel,  for example, I s  treated aa negative oxygen. In the cese of the  reaction 

c 282 + O2 + 2H20, each mole of hydrogen is -valent t o  1/2 mole of ovgen. One of 
* the dashed curves i n  figure VII-6 represents the reflected fuel curve  corrected for ' 

t the  stoichiometric  ratio. Thus, it is possible to consider on ly  the diffusion of 
oxygen from i ts  initial concentration through zero at the flame front to   the  proper 
negative  value in   the unburned fuel. In a simflar m e r ,  the other -bed curve 
i l lustrates  the  candition  in which the men is considered i n  terms of its fuel 
equivalent. 

? 

t 

* 

.. 

The actual llame I s  not as smle as the prevlous  aiscuesion may auggest, 
since, in sadition t o  the molecular species that have been studLed by conventfond. 
s a q l l q  and gas analysis, free atom and radicals are present. A flat flame in en 
apparatus s M k  to that shown in figure =-1( a) was used in reference 5, in which 
the  diatribution of varioue  species in the flame was s t u a d  by a spectroscopic 
method. In ed.&ition, a eodium Une reversal method was  empluyed to measure flame 
temperature. The results are given for a s-0~ flame in figure VII-7(a) - The t e m -  
perature  profile i a  shown, i n  addition to a qualitative  intensity  distribution for 
OH and 02 as determined by both  emission and absorptpm spectroscopy. The relat ively 
f la t  temperature prof i le  has a mRw-lrmlm of &out 2800° C, which agrees closely  with 
calculated  adiabatic flame temperraturea for the  stoichiometric reaction. A similar 
se t  of curves fo r  CH4-02 flames may be seen in figure VIT-7(b) . In addition t o  OH 
& 02, the +, CH, and continwus emiseioh are sham. Similar curves are ahown fo r  
KK3-02 flames in referenee 5> while additdoaal curves f o r  H2-02 snd IlH3-02 along with 
@H4-02 and (20-02 are given in reference 6. The general characteristics ere simik. 

Turbulent flames. - The distribution of reactants ad products in  a turbulent 
diefusion flame of Hz-& i s  studied in  reference 7 .  The situation is somevhat more 
complex than in the laminax flame. Unfortunate-, the  results are influence& by the 
conflw duct, EO that the curves can be applied only qualitatively to open flanaes. 
The data are shown la figure V I I - 8  for various  height8 and radial positions. The 
02 and Hz concentrations w e e  measured, while the E20 concentration was calculated. 
5 e  general  appmanoe of the and Oz curves  resembles tha t  of a lanlnar fleme, 
although there i s  considerably more overlqp@ng of the and O2 i n  the vicinity of 
the flame front. result L a  consistent, however, with the   o sc i l l a thg  nature of 
the turbulent flame, which results in the  apparent  thickening of the reaction zone 
when a time-average, rather  than  instantaneous,  position i s  considered. 

Theory 

The theories of the buraing of premixed fuel-oxidant system discuesed in  
chapters N and V consist e s s e n t i u  of &n€iLyes of the  factors 6uch as diffusfon, 
heat kansfer, and r ead ion  mechanisms as they &ect the rate of the homogeneous 
reaction taking place. "Homgeneoua'' is used in the sense that fue l  and oxidant 
molecules are intimately mixed Fn the miburn& gas, although concentration and tem- 
perature  gradients e x i s t  in the  reaction zone. Inasmuch as the prFmary mixing proc- 
ea8 of fuel and oxidant  appears t o  dominate the burning process in diffusion flares, 
the  theories emphasize the rates of mixing in dwiv ing  the characteristics of W- 
fuslon f b e s .  Bince laminm and turbulent en@; processes are usually t reat& 
differently, the theories of lfminaz and turbulent BiffusIon flames ere also sep- 
arated in the f o l l a r l n g  discussion. Only thoae m i x t n g  processes  Birectly i n v o l v ~ .  
in sett ing up the equations for   the  flame are considered, sFnce the  general  subJect 
of mjxing i s  treated i n  chapter IT. 
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Laminax flames. - The basic equations for  the  thearetical  treatment of laminar, 
gaseous Wfuaion f k e s  to determine flame length and other  properttee were estab- 
lished by Burke and Schunmm i n  1928 (ref. 3) . Later work has extended the range of 
the  treatment. Burke ELnd SFhlrmnTln used an experimental mae l  correeponding t o  fig- 
ure VII-l( c), wfiich is reproduced to aid  i n  defining some of the terms: 

Undervent i l a t  ed 
flame 

I I 

-7 
I 
YF 

A i r  Fuel d r  

T -  
Overventilated 
flame 

* 

The basic assumptions which Burke and Schumann  made in  setting up the problem are 
listed and discussed to f ac i l i t a t e  reference t o  the assumptions. Additional ass-- 
t ions  to   faci l i ta te   solut ions of varloue equations are ccusidered as they arise.  

(1) At the  port posi%LOn, the  velocities of the afr and the fuel are assumed 
constant, equal, and uniform acrosa their  respective  tubes so that the molar rat io  of 
fuel flow t o  air flow is given by rf/(rz - r?). 

(2) The velocity of the   fuel  and d r  up the  tube in the region of  the flame is 
the ~ a m e  as the velocity at the port. That this is not actually true hae been shown 
for premixed V-flames in chapter 23. 

(3) The coefficient d interdiffusion of the two gas streams is conatant. 
Since  diffusion  coefficient  increases w i t h  temperature, as would the gas velocity 
assumed c o n s t a t   i n  (2), Burke md Schumann suggest that these two effects may 
minimize the er rors  introduced by the assumptions. 

(4) The interdiffusion of ‘the two gaa streems i s  &Lrely radial. This is a 
reasonable assumption f o r  tall flames. 

(5) The mi3dng of the two st reams occurs by diffusion only. In  other words, 
recirculation  eddies Epld redial flow components are assumed absent. 

(6) The flame front is a geometric surface where fuel and oxygen meet in 
etoi&ometric  proportions and react  to  give  reaction  products. 

* 

a 

c 
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Fuel 4- 
Oxygep 

,?) The oxygen i s  considered the negative fuel. In the reaction 
102 + Pmdude, each m o l e  of fuel is equivalent -to i moles of oxygen. The 
concen-hation Co2 may then be replaced by. i ts  stoichiometric  equivalent in 

terms of fuel Q2/i, i s  the mer of moles of fue l  that would  be coanpletely 
burned by moles of oxygen. Since zero concentration of reactants at the flame 
front i s  desirable, the oxygen is  treated 86 negative fue l  so that the fuel 01sncen- 
t ra t ion ranges from i t s  value in the unrescted j e t  Cf to the equivalent value of 
oxygen in the unreacted air -Co2/i. This has been sham in figure VIC-6 by reflect- 
ing the oxygen concentration curve in the horizontal a x i s  and plotting %/i, where 
i = 1/2  .for the stoichiometric E2-02 flame. Burke am3 6chUmam consider the con- 
centration In terms of p e s t i d  pressures, which are proportional to the  molal con- 
centratLons  discussed. 

2 

( 8 )  The tube  ant-  the fuel f l o w  has a negligible thichess. 

The aesmptions made reduce the problem to one of diffusion of a single gas 
having a. certain Initial dLs-tfibutlon a d  subject to c&dn bow conditione. 
In cylindrical c o o r d i n a t e s ,  Fick' 6 l a w  of diffusion gives the equation describing 
the concentration aa a function of time and coordinates: 

ELod there resu l t s  

which now contsins  the  height and radius. The bom&u"y conditions can be stated on 
the basis of the m e  port  at y = 0 .  A t  this point, 

The eolutlon of equatlon (3) with  the boundarg mnditiops ( 4 )  a n d  (5) is 
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where 
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k confst,aut that assumga all positive  roots of the  equation J1(ks) = 0 

For further  discussion of the solution of equation (3), see reference 8 .  
G e n e r a  methods of solution of 'equations of this type  are  discussed in reference 9. 

The equation for   the flame m n t  i s  obtained by settLng p = 0 at r = Q, 
BO that equation (6) becomes at the flame fxont 

The shape of 
that   sa t isfy 
y when 
flame. 

. 
'c 

+u 
m 
0 
Id 

the flame front can be obtained by plotting the v13Lues of 9 and y 
equation (7) . The height of the flame yp i s  given by the  value of 

rF I 0 for an overventilated flame and 9 L rs fo r  an d e r v e n t i l a t e d  
!Cke results of a typical  calculation  are illustrated in figure VII-9 f o r  an 

overventilated and an underventilated flame f o r  which it w a s  assumed r5 l / Z  Inch, 
r8 m 1 inch, D L 0.0763 square inch per second, and U5 m 0.610 inch per second, 
which corresponds t o  a fue l  flaw of 1 cubic foot per hour. ?he calculated shees  
agree w e l l  with  the obeerved fleme shapes. A simLlar treatment w a s  used (ref': 3) t o  
calculate  the flame &ape for a f la t  Wfusion flame on a burner resembling t h a t  af 
figure m-l(a) . 

* 

. .  
. .- 

- 
1 

The properties of diffusion flames exe a lso  calculates i n  reference 8, in 
w h i c h  the analysis was begun with  equation (l), and easmtially  the same ~ f 5 L m p t i O ~  
except assuqption (1) were used. The f u e l  air veiocities were not  required to 
be  equal,  althbugh it was required that the aLr velocity be constant over t h e  m u -  
lus and the f u e l  velocity over the  inner tube, and that no mmentum traaafer occur 
during diffusion (assumption (2))  - Eiolution of the equation of reference 8 gives 

m a r i s o n  of equations (7) (8) share the similarity. The principd difference 
is the &tion of txo temns containing  the  ratio uJ/u~, which was assumed equal t o  
1 by Burke and Schumam~. 

The analysis was also begun with equation. (1) in reference 4, Fn w h i c h  the 
characteristics of the flame burning on a jet of fue l  discharging into sti l l  Etir 
m e  computed. Essentially  the same assuuptions as those of reference 3 were used, 
except assumptions (1) and (21, which no longer apply. U U e  the assumption of 
reference 3, in wfiich the oxygen i s  considered  negative  fuel,  the analogous position 
that  fuel is negative oxygen i s  t e e n  in  reference 4. The  oxygen concentration 
curve would then follow the dashed line i n  figure V I I - 6  on the  fuel aide af t h e  . 
flame front  where the fuel concentration haa been replaced by -ipf. The oxygen 
partial pressure  varies in  an air  fleme fram 0 21 tu -ipf. The solution of refer- 
ence 4 was obtained i n  terms of a generalized dimensionless concentration C, 
defined as  

. 
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and a dimensionless time parameter 0 defined by the equation 

where  

If the volume flow r a t e  Q is introduced, where 

Q = ~ U J ~ . J ~  

there  resulta 

VEL-9 

In equation (E), the value of t is yet undeterminea. A form baaed OR dimensional 
analysis and experimental data WRS used in reference 4.  

IP reference m, t was tzeEcted some-% differently. muation (E) m a  
simpwid t o  (see ref. I) 

ujt - (16) 
4 a  

and t wae replaced by J F ~ / U O , ~ ,  which assumes that the por t  velocity remains un- 
changed t o  the flame tip. The flame length is then given by 

a 
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I 

which i s  in agreement with  the  result of reference -3. U 

While the laminar diffusion flame theories  discussed i n  the previous  paragraphe 
have considered the  general  characteristics of the flame, they have not cansidered 
the  detailed phenomena occurring in the flame reglon. Ichese theories have couildered 
the flame 8s a discontinuity, w h i l e  in the actual case the f m e  has a thickness  that 
depends on the  relative rates of chemical reaction and mixing. The aetaFls of flame 
structure  are considered in reference 11, in which an Arrhenius type of reaction- 
ra te  expression is used. A t  remote points from the reaction zone, the curves of 
concentration and t q e r a t u r e  are not  appreciably  altered,  but the a h a q  break 
assumed by the eaxlLer theories at the  instantaneous  reaction zone becomes a r d &  
curve for 8 f ini te   react ion time: 

Fuel 
/ I \ Temperature 

concentration 

\ I+ Flame 
concentration 

Temperature 

I+ Flame 
I front 

O2 Concentration 

- Inatantaneoue 
- -- Finite  reaction 

reaction 
/ 

entration 

' Inatantaneoue 
reaction 

' Finite  reaction 

. 

Under the usual condition of burning in a lamimx diffusion flame, the elm- 
p l i f i d  flame d ieg ram used by Burke end Sch- and others is adequate. If the 
f l o w  conditloqs  are  altered so that   the flame zone becomes thin cogpared with i t s  
length, the diffusion processes rney be suff iciently rapid that the chemical reaction 
rate becomes important, and the more complicated treatment of reference U is nec- 
em-. Such may well be  the case near  tbe extinction limits. Equation ( 8 )  may be 
used for calculating  the dlmenslons and concentration  gradients in a diffusion flame, 
w h i l e  the simpler equation (17) i s  useful  for  estimating  rehtive fLame heights. 

!Purbulent flames. - The theoretical  treatment of turbulent  dlffuaion  flames i s  
lese advanced than that of the laminar diffusion flame because of the much m r e  
complicated mng process Involved. There have been essentially two approaches to 
the problem: the f l r s t  usee the h&mr dFfPusion flame equations,  but  replaces  the 
molecular diffuaion coefficient by an eddy diffusivlty, and the second  use6 equations ..... 

based on the mixing of turbulent jets and derives a n e w  set  of equations.  Slnce the 
first treatanent follows directly from the previous  discussions, it is discussed 
first. 

- 

* 
. .~ .. 

The eddy dtffusivity t that will replace  the  mlecular  diffusion  coefficient 
is given by 

. "  

c LI 21u1 ( 18) a 

For fully developed turbulent f l o w  inside the burner tube, 'fl is~proportional t o  
the  tube diameter, and the  intensity of turbulence is approximately proportional ta 
the man f l o w  velocity at the axis, 80 that  

" - 
"" 

c 
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can now be inserted into equation (l?), for exemple, t o  give 

as, Qs, 
YF,s = - a - rcs nUjrj 

Substituting Q from equatLon (14), there  results 

WU~A indicates that is near- constant in a e  t u b l e n t  region. A s h -  

iLar  result i s  shorn in reference 12 for flat flames (fig.  VTI-l(a)>. 

In reference 7, the  diffusion flame is described by use of the cold-jet mixin@: 
process. The details of t h i s  mixbg process are discussed in chapter 11. In this 
section, only the  application of tufbulent mixing to   diffusion flames will be con- 
aidered. Therefore, only  the distasce requfred t o  prcduce a stoichiometric mixture 
is of concern here, for, as in the laminar flame, t h i s  equiconcenkation  surface is 
considered t o  be the flame front. In the case of simple turbulent mixLng, the d a l  
distance at which a given concentration is reached (e  .g ., atoichiometric) is found 
t o  depend only  on diemeter and not on velocity. Thus, yP,,,,/rj would be a constant, 
i n  ageement  with the results obtdned  previously. A consideration of  the  actual  
m b d n g  process i n  the presence of buoyancy due to density differences ana i n  the 
presence of chemical reaction i s  quite complex. The problem is  treated in reference 
7 ,  in  wbich the following equation i e  obtained: 

w h e r e  

AB xi th  the previous treatments, the  ra t io  yF,T/rJ depends only on the stoichiom- 
e t ry  snd thermodynamics of the syatem and i s  independent of velocity and diameter. 
Although obtdned by a less rigorous treatment than the  equations for Laminere dif- 
fusion flames, equation (22) ref lects  the same type of c o n t r o w  process and is 
one of the most re-ly ueed equations for predicting the  relative flame  heights of 
turbulent gSSeOUS diffusion fLameS - 

Effect of  Variables on Flame Height 

Laminar flames. - WitPlln the  region  designated normal flames (zones 1 and 2 of 
fig. V I I - 8 )  , the flame height  varies with changes i n   f u e l  flow. For a given fuel 
flow, the shorter flame indicates a greater burning rate per unit volume of apace 
than  the higher flame, so tha t  flame height is often used i n  diffusion flames as a 
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measure o f  burning rate. A study was made of the  effect of various factors that can 
influence the fleme height of diffusion flames  containing some premixed primary air 
( re f .  13). The apperatus was essentially that of figure VIJ.-1( c), except that the 
secondary air was supplied by natural rather than  forced convection. The effects 
o f  port  velocity, port diemeter, and primary air - gas r a t i o  on the flame height 
were inveskigated. While a discussion of the  addition of primary air overlaps 
previous discussions (che. IV am3 V) , it should  be recalled that even so-called  pre- 
mixed flames with  primary  gases richer in  fuel thsn stoichiometric have an outer 
f zone that i s  a diff uaion  flame. It was found i n  reference 13 that  flame 
height  increased with increasing  port  pameter and primary  gas.  velocity, and the 
resul ts  for Cambridge ci ty  gas axe represented by the  equation 

where 

The quantity of seooadary gaa supplied to   the  flame had l i t t l e   e f f e c t  on the flame 
height, provided there was sufpicient secondary aFr for combustion of 75 percent of 
the   fuel   ( ref .  13) . 

The result8 of  Gaunce quoted in  reference 4 for ,€!Cambridge c i ty  gas flames with 
no primary air, burning on a 0.125-inch port,  are ahown in  figure VII-10. It was 
found in reference 4 that   the  data of reference L3, the laminar portion of the data 
of Gaunce for  Cambridge c i ty  gas, ami the data of reference 4 for carbon monoxide 
could be empirically correlated, using only two empirical constants depending on 
fuel type and &-gas rat io .  The equation i s  

YF& - K1 log Wf .I- 5 (24) 

The values of $K1 and used axe given in   the  folloving table, and the  effective- 
ness of the  correlation i s  ahom i n  figure VU-11, where Straight lines m e  obtained 
when log Q0f i s  plotted  against flame height: 

City  gas 

4.91 1.39 0 CO 
5.93 1.87 1.29 City  gas 
5.09 1.39 0 

.... - ." _. . - - 

For the  calculation of efr it was aesumed that (Ca/Cf) st n 2.38 for carbon monoxide 
and from 4.3 to 4.8 far ci ty  .gas, depending on the composition. Equation (17), 
derived theoretically,  8hms that ;YF should increase as UJ and the product 

fi the experimental data. Q? increase, bu t  fails to show the  logarithmic form that is found empirically to 
I 

Data similar. to those of reference 4 fo r   c i t y  gas were obtained in reference 
10 fo r  a mixture of 50 percent c i ty  gas and 50 percent eir by volume and for butane. 
The laminar portions of the flame-height  curves for 100 percent city gas f i t  the 
empirical  equation 

'F'P,L 0.206 0.354 
L 

a Q 

I 

4 

. 
L 

1 

I 
s 

where Q is in cubic-  centimeters per second and y is i n  centimeters. 
F, L 
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D i a m e t e r  does not appear in  this equation,  since flame height was  independent of 
port diameter at the low flows necessary f o r  Lamim flow. Actually, the experi- 
m e n t a l  curves do show a slLght effect af tube  diameter. A larger diameter effect  
i s  found when a mixture of 50 percent  city gas and 50 percent air i s  used. These 
data f i t  the  empirical  equation 

" 'F L 2 
rJ 0.275 2.47 

where U is in centimeters per second. I t  was found (ref. 10) that 100 percent  butane 
and butane - primary a i r  flames follow a very  simple relation with flow ra te   for  tubes: 

where 

X p  mole fraction of fue l  in Jet  

The data are shown in figure YLT-12 for  a 0.4-inch-diameter port. The empirical 
coefficient  decreases  sUghtly for large changes in port diameter: 

Port diameter, 
in. 

1.03 9.1 
1.99 8-3 

Since the empirical equations of reference 10 bear l i t t l e  resemblance t o  equation 
(17), it is suggested therein that the assumptions of constant D and constant UJ 
may be in error. Since D changes mre rapidly than Uj, t he   t o t a l  change may be 
represented by a change fn  D alone, which results i n  

Combiming all the effects  f ields  the following form of the theoretical equation: 

which has the  stme form as equation (25) . In generd, the  meaaureme&a and oorre- 
lations that have been presented were detamined for flemee that ranged h i t i a l l y  
from 4 t o  6 inches upwards to about 25 inches. 

Reference 8 presents some measurements of flames from 0.2 t o  about 1.5 inches 
i n  length. The effect of fuel flow on flame height fs shown i n  figure VIL-13. In 
the  region of low fuel  velocities,  the flame heights  me independent of the air 
velocity in agreement with the data of reference 13 but at higher f u e l  flms the 
poirits for the lower air flms of 0.9 and 1.74 inches per secona rise above the 
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other  data. The 1-8 in   the  figure were calculated from equation (8), and it is  
seen that reasonably good agreement i s  obtdned for the higher air velodt iee .  The 
proper t rend   in  flame height i s  predicted  for  the air f l o w s  of 0.9 and 1.74 inches 
per second., but  the  theory  predicta a greater  separation of the 3.45- and 5.13-inch- 
per-second data than was found experimentally. Equation (8) contains  the  parmeters 
yF,dUJ and UJ/Us, which suggesta that  these  quantities may be useful in corre- 
latisg the ~ ~ n t a l  data. The f i r s t  of these has the dimension of t i m e ,  a l e  
the second i s  proportional to the fuel-air ra t io .  A plot  of yF,fiJ against fuel- 
air r a t io  is shown in f igme VU-14 along with the =ne obtdned  theoretically from 
equation ( 8 )  . ReasoIlEibly good correlation and agreement vith theory are obtained. 

The change Fn flame height vith flow velocity and tube  diameter represents 
the  prlncipal studies on Lsmim diffusion flsmes. Only a Little work has been done 
on the effect of pressure on flame height. It was found in  reference 8 that  pres- 
sure changes of 10 t o  1 atmospheres had practically no effect on flame height. The 
theory  (eq. (8)) predicts that flame height should be independent af pressure. Ref- 
erence 3 also found flame height t o  be insensit ive  to temperature and preaeure. 
Theoretically, this independence of flame height resulte from the  fact  that preaeure 
asd temperature affect  the f l o w  velocity and difPusion  coefficient in oppoeite 
directions,  thus  canceling their effects. 

d 

The rather simple form of equation (24) and its success i n  correlating  the c 

data f o r  different systems make it appear the moat useful for calculating laminar I 

flame  heights where the  mpirical  constants are known. The difficulty of applying 
the  theoretical equations a d  the  uncertainty of some of the aestmptions l i m i t  their  
use in  predicting  absolute flame heights. 

" 

- 
Turbulent flames. - It ha6 been shown i n  figure VII-10 that, at certain crit- 

ica l  f l o w s ,  the   t ip  of the flame becomes turbulent and that the  turbulent  portion 5 

increases  with increasing flow ra te .  The break points of c i ty  gas, hydrogen, and 
propane flames were  measured in reference 7. The total flame heights, which are 
relatively constant, were also m e a s u r e d  and are shown dong with  the  break  points 
i n  figure V I L E .  It is evident that  both the t o t a l  flame heights and break-point, 
heights are relatively  insensitive to flow r d e  in the fully developed turbulent 
flame, which agrees with equation (22).  The break  points for two gases of differing 
diffusion  coefficients are sham Fn fFgure Y I I - l 6 ,  where the  ra t io  of break-point 
height t o  port diameter i s  plotted  against  the pfroduct of diffusion  coefficient and 
flar velocity. Again, there i s  a drop in break-point  height with flow velocity 
until. a critical  .velocity occurs, mer which there is  l i t t l e  change. Weak points 
for  unignited. and ignited ethene syetems  were studied i n  reference 14, In which it 
was found that the break  point was higher for the ignited stream. The f l o w  velocity 
range c&z1 be increased somewhat by the use of a pilot ,  and reference 1 shows that 
the flame  height increaaes somewhat with flow velocity under these  conditione; an 
increase of flow velocity from 200 to 1200 feet per second C & U B ~ B  about a 5-inch 
increase in flame height in the presence of a pi lot .  

. .  

Flame heights of 100 percent  city gas flames ( f ig .  VII-l7(a)) and 50 percent 
City gas - 50 percent e flaroes ( f ig .  VII-l7(b)) i n  the tmbulem reglme were 
measured Fn reference 10. The data are represeIlted  agpraximately by 
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f o r  50 percent c i ty  gas - 50 percent air, again i n  metric  unlts. Reference 15 s h m  
that  diffusion f l m s  containing jets of powdered  coal i n  air have flame heights sim- 
ilar i n  magnitude t o  those of gas- fuels. 

A comparison of several  equations for the length of turbulent -usion flames 
is made in figure KEC-18, *ere flame  height i s  plotted  againat  the StoichiometrFc 
concentration  for  five f u e l s .  E&ch point represents a single fuel nhile the U e a  
are calculated from the equations Shawn in  the figure. Wohl' 8 equation is shown 88 
a broken Ilnej a curve derived In reference 15 i n  which g a l o g  T i s  shown as a 
dot-dash Une; while the equation of reference 1, represented as a femily of lines 
for v&ous molecular-weight ratios, is i l l u s t r a t e d  by the thin lines. Black dots 
on these  Unes  indicate the range of G,p of interest. It is qparent  that, for 
fuels of wide4 differbg molecular weight, t h e  molecular-weight r a t io  i s  necesaary, 
8,lthough Uohl's equation can be made to agree WFth equation (22) to within about 30 
percent if hydrogen i s  omitted. The proposed function of reference 15 cannot fit 
different  fuel typea unless R different  empirical comtcmt i s  used for each fuel. 

s t ak i l i t y  

The diffusion f-, lfke the premixed flame, has certain  regions of stability 
beyond which burning cannot occur. T h e B e  have already been indicated i n  figure VII-2 
by the bou&ary aeparatlng tple various flame  zones f r o m  the exbfnction region. While 
the phenomenon of flash-back is, of course,  not possible f o r  diffusion flames, tne 
extinction curve does not extend to ei ther  zero fuel flow or zero air flow. As the  
fue l  flaw is decreased, the flame becomes smaller and smaller until the quenching 
action of the nozzle w d l  is sufficient to  prevent  propagation. Thus, a Larer bound- 
a r y  i s  set to the  fuel flaw. As the fuel f l o w  i s  increased, the flame length in- 
creases. A t  c r i t i c a l  fuel flows, however, the  processes of fLeme Ilft and blow-off 
occur entirely analogously to the -sen flame. In fact, the b b - o f f  of r i ch  
Bunsen flames (see ch. VI) m&y w e l l  depend on the cbrac ter ie t ics  of the outer- 
mantle &"fusion flame. Some typical data on the lifting and ultimate blow-off of 
a butane diffusion flame (ref. 10) axe illustrated by figure VII-19. The solid line 
shows the location of the flame baae aa the flow velocity is increased and lift 
occurs. The dotted  line, on which typical flames are shown, i l lust rates   the  path of 
the flame base5 as the butane flm velocity i s  reduced and the flame reset t les .  
This  type of hysteresis in the Uft curves also -occurs  with premixed gases  (eee ch. 
V I )  . The ultime.te point, at a flou velacfty of about 300 mi l lX l i te rs  per seeona, 
corresponds t o  complete b l o w - o f f .  The data of reference 2 are  for rather short 
7n.minar flames, but  the phenomenon of Lift i a  illustrated for turbulent f-6 by 
the dotted curve of figure VTJ-lO, w h i c h  shows the location of the bottom of lifted 
flames and their comeponding t o t a l  flame height. 

The s tab i l i ty  range of diffusion flames of ethene  issuing f r o m  carburetor-type 
j e t s  into still d r  is reported fn reference 14. The resu l t s  ehowing the   &&il i ty  
region as a function of jet  diameter and Reynolds nlmiber may be seen in figure. VIT- 
20. The range of gas flow over which the flame is stable increases only sl ight ly  
xith  increasing  Jet diameter. Above a certain diameter, the range  over which the 
lifted.flame persis ts  widens rapidly, as the  j e t  size  increases, because of the 
ragid decrease in blow-off tendency on larger jets. O n  small jets, the lift and 
blow-off limits coincide. The phenomenon of lift is explained in reference 14 by E 
compsrison of the break points of ignited snd unignited s t r e w  end the height of 
the  base of the Wted flame. In figure V I I - 2 1 ,  the height to- turbulence or  the 



VII-16 - NACA RM E54107 

break  point  or  the  height t o   t he  base of a l i f t ed  flame is  plotted  against Reynolds 
d e r  - essentially f l o w  velocity. Curves A and B connect the data for  the  height 
t o  turbulence in the unignited and ignited streams, respectively. Note that the 
height t o  tu??bulence occuTs at higher Reynolds nunihers for the  ignited  gas stream. 
The stabilization was attributed in reference 14 t o  heat addition from the flame. 
Curve C represents the height between the  top of the burner and the  base of the 
lifted flame. C u r v e  D represents  the  height to turbulence i n  the  fuel jet of a 
lifted flame. A t  a flow rate Fmmeaiately before lift, the  break  point in the gas 
stream U e s  well within  the flame envelope. A t  the  actual Wt point, the flame i s  
stabil ized by eddies formed at the  break  point and the baae of the flame is  at the 
same height a8 the  height t o  turbulence  (point X in fig. VII-81) . After  the flame 
has lifted, the  heating  effect of the fLame on the gas stream i s  removed so that the 
break  point  returns to  that of an unignited jet, shown by the dotted llne connecting 
curve D and point X. As the flow rate i s  reduced, the break point follow6 the curve 
D, w h i l e  the flame base follows curve C.  When they meet at point P, the flame 
suddenly rese t t les  on the  port, and the break  point rises to point Z on curve B. 
This descrlption accounts for the hysteresis in  the lift olrves noted previously. 

c 
c 

4 

d 

Within the region in which the flame seat i s  located at the port, the  length of 
the flame has been sham t o  increase regularly with fiar velocity (fig. V I I - 1 0 )  . 
However, reference 2 reports that, d e r  some conditions, flame vibrations may appear. 
To the eye, there q p e a r s  a double flame that  may correspond to   t he  maximum and min- 
imum positlone of the vibrating flame as sketched in figure =-2Z(a). Stroboscopic 
pictures of the fleme (fig. VII-22(b)) shared that the  vibration consisted of R pro- 
gressive necking of the flame; thie  can lead to  the  formation of an island of flame 
which, separated from the seated  f Lame, burns itself  out. The butane flame vibra-  
tions have a frequency of about 8 cps that; i s  relatively inaependent of the flaw. 
Modification8 of the fuel supply system change the vibration frequency so that   fre- 
quencies from 3 to 20 cps have been measured. Hydrogen gives a frequency of about 
200 cps; in a few caaes, the butane  frequency can be  equally high. Similar fre- 

it a p p e a r s  that  the phenomena axe related. In reference 2, the  vibrations axe 
related to the phase lag At between the occurrence of maximum fuel fl6v in   the  
oscil lating flaw and the appearance of dun flame height. If the phase lag i e  
small compared with  the  half-perid of the  vibration (At  tl/z), the flame 
flickers; if A t  a t1i2, the flame height rises to a maxlmm and suddenly drape to 
i t s  init ial  value; If A t  > tq2, flame necking and ultimate breaking off of isLande 
of flame can occur. 

b 
- E  

. quencies nere foW-(ref. 16) for the  ra te  of f Ucker of diffusion flames; hence, 

LIQUID DIE'FWION FLAMES 

Bingle Drop Combustion 

When a single drop of l iquid  fuel burns, it i s  aurroundea by a Wfus ion  flame 
as i l lust rated in figure V I I - 2 3 .  Fuel is  evaporated from the liquid interface aml 
diffuses to the flame front, while oxygen mves from the outs3.de to the burrxhg 
surface. The rate at; which the drop evaporates and burns is determined by the rate 
of heat transfer from the flame front  to  the  l iquid surPace. As in   the  case of 
gaseous diffudon flames, chemical processes  are assume& t o  occur so rapidly  that 
burning rates axe determined solely by mass- and heat-transfer rates. 

- 

I 

Theory. - Fleme structure: Bpalding (refs. 17 and 18) and Graves (ref. 19) 
conaLder. a double-f ilm -el for conibuation of a liquid  fuel.  O n e  film  separates 
the drop surface fKrm the flame front; a second separates  the flame front from the 
surrounding atmosphere. The dlstributians of temperature and of fuel, oxygen, 
and product concentrations as a function of distance through the conibustion zone 
are a8 follows: 
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In  steady-state cmibustion, the liquid surface i s  a s s w d  to be a t  a tempers- 
ture a few degrees below the normal boiling  point of the fuel, as surveys of the 
temperature fields in burning liquids Fndicahz (ref. 20). In the AB region, fuel 
evaporates a t  the drop surface E& diffuses to the flame fro&, w h e r e  it is consumed. 
H e a t  conducted from the  flame front serves to vaporize the fuel heat it to   t he  
burning temperature Ipg. ( I t  is a~sumed that   there i s  110 chemical reaction of the 
fue l  before it reaches the flame front .) T a  the BC region, oxygen diffuaes  to  the 
flame front, and conibustion products and heat are transported to- the surroud3ng 
atmosphere. The position of the C eurPace i 8  determined by convection (natural or 
forced} . 

Burning temperature: By equating fuel f l o w  t o  oxygen diffusion and heat con- 
duction in the BC region, the burning temperature m y  be determined. For oxygen 
diffusion, with the fuel and axggen fUving in opposite  directions, 

w h e r e  

W weight of axygen copaumed in cordbustion of Wt weight of fbel 

K/xo2  m e r  of moka of prduc t s  f o m  per mole ~f oxygen consumed 

(stoichiometric  relation) 

The term (xp/xo2 - 1) takes some account of the fact tha t  there wi l l  be a net 
gas motion Ff # 1. The expression is applicable to   t he  Steady-6tat;e dtP- 

f uaion of both components of a binary mixture (ref - 21) and neglects  the presence 
of R stagnant inert gas. For heat f l o w  in X, 

. 
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hc specific lower heat of combustion of l iqu id   fue l  a t  temperature of surround- 
tng atmsphere 

b2 specific  enthalpy of oxygen referred to unit quantity of fuel 

hp specific'   enthalpy of products  referred to unit quantity of f u e l  

The term in the  brackets i s  the heat tha t  must be transported to the  point x 
in the  combustion of unit quantity of fue l .  Eliminating the fuel f Lox from equa- 
t ions (32) and (33) a n d .  i n t epa t ing   w i l l   g lve  

if POZJ IS small XP/X - 1. The factor  XBCw/Dw is considered  inde- 
2 02 

pendent of temperature. 

Integrating the Left  aide of equation (34) by introducing mean specific  heat 
% for  products and oxygen result a in  

r 

o r  

Unfortunately, the error introduced by eqaneion of the logarithm i s  i n   t h e  
opposite  direction From the expansfon of equation (341, and predicted burning tem- 
peratures are t oo  high.  Nonetheless,  equation  (34a) is  usefu l  f o r  ahowing qualita- 
t ive ly   the  factors that influence  the bur- tanpeatures .  

Equation (34) permits a more rellable calculation of the burning temperature. 
It has been used (ref. l.8) to   ob ta in  burning  temperatures for kerosene drops in 
atmospheres of varying  temperature and oxygen concentration, with caxbon dioxide and 
water assumed to be  the  sole  conibustion products.  Preferential diffusion of water 
with  respect t o  cafbon dioxide was also neglected. The calculations of reference 19 
fo r  isooctane  burning i n  atmospheres of various uxygen concentrations  neglected 
preferential  product diffusion and employed the  sinrplified form of equation (34) 
v a l i d  fo r  low oxygen paxtial  pressure  or X p / q 2  - 1; however, equilibrium dissocia- 
t i o n  of products uas taken  Into  consideration. In  f igure VXI-24, burning tempera- 
tures  of references 18 and 19 are conrpared far similm conditions. Burning tempera- 
tures   for   isooctane Caaculated from equation  (34a) are also sham. It is to be noted 
th8t these  tfmperatures are higher than the  adiabatic flame temperatures for corre- 
sponding isooctane  vqor-oxygen-nitrogen mixture8 (ref. 22) - ~ r o p  b ~ r n i n g  tempera- 
tures m a y  be greater becauee there  is. no net flow of inert gas (nitrogen)  through 
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the burning zone and because the oxygen i s  preheated to the  coaibustion temperature 
by the  hot  reaction  products. The fact that the  react ion zone must have a finite 
thickness wi l l  give rise t o  lower burning temperatures  than those calculated f r o m  
equation (34) . 

Burning rate: For  the AB region, heat and fuel flow may be equated analogously 
to equation (33) (directions of fuel and heat flow are opposite) : 

Where 

"p Bpecific enthalpy of fuel vapor 

hz heat  necessary t o  raise unit maas of f u e l  to vqporization temperature 

Integrating over the A33 region gives 

%AB = A  
" hZ + hp - %,A 

The term hz i s  included because of the  assumption that the  bulk of the drop 
remains at the  initial temperature  during combustion. If the  entire drop ragidly 
reaches  the  surface  temperature during the first s t a g e s  of combustion, hz should be 
omitted. The fac tors  detefmining the drop in te r ior  tengerature we dlscuseed i n  
reference 23. 

E equation (33) is  rearranged and integrated over t h e  IC region, 

2 4K (L XB - e) =r XBcm = B  (37) 
hc - tP - hP, c) + p 2  - h O 2 4  

TC 

From equations (36) and (37), the maea burning rate is found to be 

(38) 

In the  burning-rate equation, the variat ion of thermal oallauctivftiea with 
temperature i a  considered. 

Qodsave s burning-rate eqwticm (refs .  24 and 25) may be obtained f r o m  the 
first par t  of equation (38) by using a mean value for the thermal  conaudivity in 
the  AB region and l e t t i n g  hf - +,A = %,f(T - TA) - 

. 
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(39) 

gives  the mass  burning rate in terma of the change of radius with time. 

Experimentally (refs. 19 and 25 to 28), mass burn- rates  of single  fuel 
drops ere fouud t o  be proportional t o   t he  drop radius. Variation of drop diameter 
with time i s  given by 

w h e r e  i s  the  inltlal drop diameter,  d = 2xA i s  the diameter at any subsequent 
time, and the  constant B i 8  the evaporation  constant. The rate of change of radius 
with time my be obtained f r o m  equation (rho) : 

. 
d 

F m m  equations  (38),  (39), and (41) it follows that 

Note that p Kill be  constant Ff xp/.c I s  constant o r  if + .L (drop burning in 
the absence of convection) . Equation (42) has been successfully used t o  predict 
evaporation  conetants for the conibustlon .of -le fuel drops. 

Combustion in quiescent air. - Evaporation constants of single drops (initial 
diameter 1000 t o  Eo0 microns) of various l i q u i d  f d s  burning in  quiescent air hsve 
been obtained by Godaave (refs. 25 and 26) using a m t i o n   p i c m e  technique. By the 
same method, Graves (ref. 19) has s t u d i e d  the conibustim of isooctane drops in var -  
ious mgen-nitrogen atmospheres. Plots of s q w e  of drop dismeter  against time were 
found t o  be linear  (see ep. (40)). Figure VII-25 s h m  a typical..plot  for isooctane 
burning i n  an atmosphere containing 34.9 percent . q g e n .  In table VII-I, expert- 
mental and calculated (ref. 29) values of evaporation  cohstants for  canbustian i n  air 
determined by Goasave are presented. Altho values for Je t   fue l s  were not  deter- 
mined, evagoration  constants of' about l O r 0 ~ s g u a r e  foot  per second ( similar to 
kerosene) w e  to  be expected. Evegoration constants from reference 19 for isooctane 
are contained. in table VLT-IC. 

i 
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be expected with a higher burning rate  (see eq. (38a)).  This i s  probably a resul t  
of a decrease in film thickness under mtural convection at high pressure, as sug- 
gested by reference 30. In contrast, vaporization rates in the absence of combus- 
t ion decrease when pressure is raised ( ref .  31). 

In  addition,  reference 28 reports  investigations of the burnFng of free drop- 
l e t s  (EO to 700 microns initial dim.) i n  air at 13Loo P and atamspheric  pressure. 
In these experiments, drops of Worm size produced by feeding liquid fuel onto the 
center of a rotating disk were projected into a furnace, and droplet lifetimes were 
recorded by means of a drum camera. In t h i s  regime dm, lifetimes w e r e  found to be 
proportional to  the  square-of the initid drop diameter; it i s  not  surprising that 
burning ra tes  were somewhat. faster at  the higher temperature. 

Equation (38s) has been used (ref. 29) ta calculate  evapration  constants for 
benzene, m-butylbenzene, and E-heptane cumbustion. The diameter of the burning 
surface was evaluated from photow,qhs, and allowance was  made for estimated heat 
transfer by radiation. The assumed burning temperature of 3100' F seems too low; 
calculations  (ref 8. 18 and 19, see fig. m-24) would es t  4300° F a8 a mre 
reasonable estimate. R e s u l t s  of Godsavexs calculations?&. 29) me shown in  table 
=-I, and =le the agreement may in par t  be &ue to fortuitous choice of TB, 

Godsave's equation (eq. (38a)) i s  useful for estimating hydrocarbon burning rates.  
Accordingly, equation ( S a )  has been used to calculate  vasiations in evaporation 
constants for the series of compounds investigated by Godsave. Burning temperatures 
w e r e  estimated  by employing equation (34a) to convert  variations in hc/w into 
equivalent  vasiationa in oxygen concentrations;  burning temperatures could then be 
estimated from the  isooctane curve of reference 19. Mean heat capacities d thermal 
conductivities were taken at 2200° F; the latter waa taken a,s the mean of the thermal 
conductivities of air and the fuel. The position of the bum- surface  with  respect 
to the drop w a s  taken from GCOdsaveTa determinations (ref. 29). (For iaooctane and 
ethyl alcohol, the value of E-heptane w a s  emplayed, since no measurements  were  made.) 

%If, 
end XAB, the values are of the correct order of magnitude and w e s t  that 

Evaporation  constants a0 calculated were found t o  be, on the average, 26 per- 
cent bigher than experimental vduea; therefore, they have been  reduced by this 
amount and tabulated i n  table VIT-I. It i s  suggest& in reference 26 that,  unless 
otherwise indicated, the experimental  evegoration constants are precise t o  10 per- 
cent; reduced calculated  values agree with the reliable values to xithin this margin. 
Accuracy of this type of experiment may be  poor. Since the  isooctane-air va lue  of 
reference 19 i s  some 20 percent higher than that of reference 26, the 26 percent 
correction  factor does not prove that the  calculations axe in error by this amount. 

Evagoration  constants for isooctane combustion in  the abaence of convection 
(% x 0) were calcUated in reference 19. The transport properties of air were 
assumed in the BC region, and prefemfAal  diffusion mmng combuetion products w a s  
neglected.  .Figure V I I - 2 6  shows three &vea calculated asmm3ng: 

(a) Thermal conductivity of isooct- in region between drop and burnFng 
aurfaces; Ussociation of products 

(b) Thermal conductivity of iaooctane; no dissociation 

(c) ~hermal conductivity ~f air; 110 dissociation 

The experimental  determFnations of reference I 9  me also plotted. 
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However it must be noted that  these. calculations are for no convection. 
Equations (36$ and (37) may be aployed  to  calculate  the  position of the burning 
surface  with  respect t o  the & . w p m  The resul t  i s  

For an isooctane d m p  burning i n  air i n  the  absence of convection, values of the 
integrals A and B ( ref .  19) predict X ~ X A  = l8.5. On the other hand, for  2- 
heptane, the measurement (ref.  29) shows that xa/x~ - 3. (Because of convection, 
the burniag aurface i s  highly d i s t o r t e d  from a spherical shsrpe; the  value of ref% 29 
m e t  be regarded as a minimum, see fig. VII-23.) With the 8- value assumed for 
isooctane, x& - 0.3 (from eq. (43)). Observed evaporation  constants should  be 
d%niniah& by 30 percent to yield valuea applicable in the absence of convection 
(eq. (43)) . Measured values so reduced have also been plotted i n  figure VII-26 t o  
indicate the range for eqerimentd constants in the absence of convection. 

It woula qpear,  therefore, that the  essent ia   features  governing the rate of 
combustion for single drops in quiescent air are well understood. Uncertainties in 
the proper selection of transport  properties for the calcul~tion, as we&L aa exgeri- 
mental uncertainties, cause diff icul t ies  in  drawing conclusions from figure VU-26 
on the  relative  merits of the vaxious assumptions of reference 19. However, the 
calculation that caneiders  product  dissociation seema preferable, since it presents 
a more reallatic  picture of the  s ta te  of oonibustlon products,  p&Iculaxly at higher 
temperatures. In general., burning rates of hydrocarbons axe very similar. Rates are - 
increased by factors tending t o  Fncrease the burning  temperature and the thermal 
conductivity in  the region between the flame and drop surfaces. Decreases in   l a ten t  
heat of vaporization and fiU t h i c b s s  also cause increases in evaporation  constant. 

. 

c 

Conbustion i n  air & e m .  - The principal work on combustion from =quid 
surfaces in moving aFr sheams has been conducted by Spalaing (refs. 32 and a), 
with  spill-type burners i n  which t h e  fuel  (for most experiments, kerosene) was 
circulated over the surface of the burner and collected. Both v e r t i c a l  flat-plate. 
and spherical burners were employed (the latter simulates a drop of l iquid fuel). 
Variation of the fuel-flow rate permitted  variation i n  the amount of heat absorbed 
by the fuel: The burners xere of such E size that the  effect of natural oonvection 
must be considered. mFment s  on burning from ~pheres under forced  convection 
(ref. 3s) were also carried  out. 

Spalding (refa.  33 and 34) presents without complete derivation  the following 
equation i n  temm of dimeneionless group8 for  combustion from a v e r t i c a l  f l a t   p l a t e  
unaer 

where 

B' 

moz weight of o w e n  per unit w d g h t  of gas m u r e  in ebospheze 

. . 

. 
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For Pr - 0.71, the function fl(B1,Pr) i s  approximated by 0.646 In(1 -k B') . 
It i s  stated that, in general, mass-transfer rates (burning rates) can be 

predicted approximately f m m  existing heat-kansfer data by the  relation 

where H i s  the heat-transfer coeffident determined in an experiment uithout com- 
buation o r  mass transport. 

EQuation (46) is  to equation (38a), Which, When based On a burning 
ra te  per mit area, fields 

(48) 

since c p D /  x- 1, end for air  po c/p - wZ. Thus, the  relation between equations 
(46) and (47)  may be seen. 2J 

N a t u r a l  convection: Spalding*a exgeriments  on conduetion In natural convec- 
tion employed a flat-plate burner 2.5 Fpche~ high and 2.08 inches wide '& a 1.5- 
inch-diameter spherical burner. Upon variation of the fuel-flow rate over the burn- 
er,  the  heat &sorbed by the liquid could be as high aa 4000 Btu per pamd of fue l  
burned. This permitted a much xider varriation of hv C hz than could be obtaLned 
by burning single d r o p s  of fuels of different heats of vaporization and boiling 
points. 

D a t a  f o r  both  the plate  and spherical burners W e  w e l l  correlated by equa- 
t ion (44) . For combustion f r o m  8 sphere, the dimeter was used as the character, 
i s t i c  dimension in place of -the  plate  height. This procedure is j u d i f i e d  with the 
statanent that heat-tranafer data by natural convection from platee, spheres, o r  . 



cylinders axe w e l l  correlate& by a single  relation, so that the same might be expected 
t o  hold true  for mmbustion results. Most of the experiments were on keroaene com- 
bustion,  but data on gas oil ,  gasoline, and heavy naphtha were predicted  equally 
w e l l  by equation (44). Equations (44) and (46) are consider& equally good for 
estimating  burning ra tes  by natural convection. i 

¶ 

Forced convection: Far m e t  of h i s  experiments on forced convection, SpalxtLng 
employed a 1-inch-diameter a-pherical burner, with kerosene, gaaoline, ethyl alcohol, 
and benzene ae % a s .  Experimental  burning rates w e r e  10 t o  15 percent  higher  than 
theory  for a flat-plate burner  according t o  eqyation (45), but were an e m  amount 
lower than  the  predictions of equation (46) . Data were not as reproducible as 
kesults on natural convection. A calculation baaed on equation (46) gives an esti- -7 
mate of 5 milliseconds, as the  lifetime of a 100-micron jet-f  uel  droplet burning Fn 
a 400' F air- stream when the  velocity of the drop re la t ive   to  the air stream is 50 
feet   per second. In the abaence of convection, the  lifetime would be 12 m i l l l a e c o r d s .  

. .  

.. " 

A more exact  treatment of conibustion from a flat plate in forced  convection 
i s  reported.in  reference 35, i n  which a Prandtl nuniber of 1 is assumed.  The results 
of this calculation appear to agree  with  Werirnent somewhat better  than  equatlon 
(45) or  (46) . 

"" . . 

D u r F n g  experiments on combustion From spheres in air streams, it was observed 
tha t  at a c r i t i ca l  Etir velocity  the l e a  half  of the envelope flame surrot.miing 
the sphere was extinguished. B p w  attributes this extinction phenomenon t o  
chemical limitations on the combustion rate .  As the air velocity i s  increased,  the 
boundary layer beco-6 thinner, and mass transport  to  the. flame front i s  increased. 
Since chemical reaction rates  at the burning d a c e  are  finite,  the  reaction zone 
thickens and i t s  temperature falls. Eventually, a point i s  reached at which the 
chemical reaction  rate can no longer keep pace with the  ra te  at which fue l  and . 
oxygen are supplied ta the burning zone, and the flame is extinguiehed.  Spalding 
conducted extinction experiments under forced convection on spheres of varying 
diameter (0 275 t o  1.025 in.) . It was p r e c t e d   t h a t  at extinction  the air velocity 
(expressed i n  dlam/sec) and the  distance of the flame from the sphere surface on the 
upstream slde should be constant f o r  spheres of ~a diameter. This w a s  found t o  
be the case, within 10 percent, for the 5.7-fold variation Fn sphere  diameter studied. 

x 
1 

. -  
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Another method of studying combustion by convection i s  that enrployed i n  ref- 
erence 36 , i n  which fuel  droplet8 (about 300 to 600 microne initial &Lameter) fall 
though a beat&  furnace at their  terminal velocities.  Quantitative data on evap- 
oration in high-teqerature atmospheres were obtained by t h i s  technique, but only a 
feu  qualitative  observations on residues from burning reeldual  f u e l  o l l  Ctroplete 
are presented. . "" 

In general, SpaldFng's equations appear to  predict  well experimental bur- 
ra tes  under natural and farced convection. However, drop Bfzes encountered i n  fue l  
sprays axe 3 or mre o r d e r s  of magnitude smaller than  the spherical burners u s e d  by * 
Spalding, no other quantitative data on burnfng under convection are available. 
Therefore, it i s  d i f f icu l t  to  m e a s  the   vaue  of his equations for  application to 
the  combustion of emall droplets. 

Fuel Sprays and Mists 

The mode  of conibustion  of the  droplets in a burning fue l  spray might be con- 
sideYed Fn terms of two. extremes. In the first inatance,  the  droplet may burn as a 
diffueion flame i n  the  local atm,ephere S U I T O ~  It. Ih t N e  event, i t s  conibus- 
t ion  will be governed by the  factors considered i n  the preceding section. On the 
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other hand, the  droplet  might evaporate and mix by  diffueion  Mth  the air in  the 
preheat zone of an established  flame  front. The burning of the spray would in this 
case be detemlned. by the same coneideratione that apply to the combustion of gaseous 
f u e l - a i r  mixtures. 

Theory of combustion. - The evaporation  or  burning at liquid f u e l  sprays has 
been 'examined theoret ical ly  in reference 37. It was assumed that   the   evegorat ion o r  
burning rates of individual drops are proport ional   to  tihe drop diemeters (as observed 
experimentally), that the evaporation  constant i s  t h e  same for a l l  drops, and t h a t  
all drops have the sBme available  time for burning. The f u e l  *reg drop-size dis-  
t r ibu t ion  was represented by the Rosin-Rammler re la t ion  

h e r e  R' is  t h e  volume or w e i g h t  --&ion of t h e  spray composed of drops greater 
i n  diameter than d. The constants x and n are kKlKn &B the size and distribu- 
tion  constants,  respecttively. The mace Worm the drop size, the higher t h e  value 
of n; if a31 drops were of t h e  seme size, n would be infinite. In pract€ce, it 
has been found t h a t  atomizing  nozzles  give  sprays  havtng  values of LL b e t w e e n  2 Epld 
4. Mean diameters that determine  the  evaporation rate of the injected spray end of 
the  spray in  steady-state burning (where inject ion and evaporation rates ere equal) 
have been evaluate&. The specific volume in steady burning, which i s  the volume of 
unevagorated f u e l  divided by the volume of f u e l  inkroduced per second, has a l s o  been 
calculated. 

Incomplete evaporation of the spray f o r  Umited evapra t ive  time was considered. 
The results are & o m  in figure VII-27, where the   f r ac t ion  of t h e   s p r q   u n e v q p r a t e d  
i s  plotted  against  time i n  units of p p  f o r  sprsys i n  which the dis t r ibut ion con- 
stant i a  2, 3, o r  4. The dotted line i l l u s t r a t e s  the behavior of a s ingle   fue l  
droplet, o r  a spray in  which all drops are t h e  aame s ize  (n I =) . Note that in the 
e u l y  stages sprays of l o w  distribution  constant n evaporate most repidly  (s ince 
more s m a l l  droplets are present).  Later, however, sprays of Worm size dlstribu- 
t ion   ( la rge  n} are favored, since  they have fewer large - 9 s  (which evapontz 
more s l o w l y ) .  In genera,  it was m n c l u d d   ( r e f .  37) that the size constant x i s  
t h e  most important  factor in  determFnfng the  evagoratian  or  burning rate of sprays. 
The diatribution  constant has a much s m d l e r  effect, although a large  value of n 
favors nore complete evegoration, degpite the f a d  that t h e  initial evap&etion rate 
of the injected 6prEty will be lower. In appendix of reference 19, the re lat ions 
of reference 37 were appl ied   to  the case of a fuel spray burning,in a dud where heat 
release changes t h e  average  velocity along the duct. In this mnner, the author 
calculated w h a t  the effect of evapqation rate on conibustion efficiency etculd be. 

The foregoing  considerations are applicable if t h e  burning of a f u e l  s p a y  mey 
be represented a0 an integration of the burming of single drops. 

Fxperimental  observation. - The obaervations of reference 38 on a kerosene 
. spray burning in &ill air  give some Infomation as t o  t h e  manner in w h f c h  t h e  fuel  

droplets are eop~Umea. It w a s  observed that a %lame front w a s  established &out 1 
inch from the spray nozzle. As indicated in calculations, at t h i s  point smal l  drops 
(e ize  of the order of Lo microns) were at  rest with respect t o  t h e  aFr stre8m, which 
w a s  movfng with a velocity of about 0.7 t o  1.0 foot per second  (compatible with normal 
burning  velocities). It was concluded that, i n  the period of &out 0.1 second wfiich 
the  s m a l l  drops spent in transit f r o m  the   nozz le   to   the  flsme f r o n t   ( f o r   l a g -  drops, 
t h i s  time w a s  even shorter), very l i t t l e  evegoration was possible. With the  preheat 
zone of the kerosene flame assumed t o  be appro-tely 0.1 inch thick, calculations 
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on heat  transfer to gmaU &ups indicated that t h i s  thickness was sufficient to 
allow evaporation and m i x h g  with air in the  preheat zone. Larger drops  (size of 
the  order-of 100 microns) could pass  through  the  fbme  front  wtthout be- completely 
vaporized. 

Some confirmation  for tlhfs analysis was provided by observations on kerosene 
droplets in the  approach streams of premixed Bunsen f-es. For a butane-air flame, 
droplets  (sizes 9 to 30 microns) aisappear& before  reaching the luminous -cone 
of the  flame. Howevex',  when an acetylene-air flame was used, conditions  for vapor- 
izat ion were not as favorable, because of a na?.To~er preheat zone and higher  gae 
stream velocity. Some droplets escaped evaporation in the  preheat zone; large 
droplets (of the order ~f 80 microns) completed evaporation definite- above the  
Fnner cone. 

Limi ts  of f lamabi l l ty :  There are ~ o m e  experimental data on l i m i t s  of flam- 
mability and rate of flame  propagation i n   f u e l   s p r q s  and mists. With f u e l  sprays, 
it i s  difficult to achieve  mixtures  xhich are macroscopically homgeneous; that is, 
mixtures in which fue l -a i r   ra t io  and drop-size distribution do not v a r y  throughout 
t h e  mixbure. 

Early experiments on the flammability Umits of c o n m e d  mists are reported 
i n  reference 39. Drop diemeters w e r e  of the  order of 10 microns. Lean limits f o r  
the   th ree   fue l   mis t s  studied are canpared with limits for   the  corresponding vapor6 
in  tab le  VII-III, which shows that the limits are  the same ( the  effect  of temperature 
on the  lower limit i a  smal l ) .  Under comparable conditions, lower limits f o r  hydro- 
carbon vapors f a l l  i n  the fuel-&  ratio range 0 .OS t o  0 . O M  (ref. 40) ; therefore, 
the  values in table VII-III are reasonable. 

.) 
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The results of similar experiments (ref. 41) are presented i n  table VII-N. 
While drop sizes were not m e a s u r e d ,  they must have been smal l  t o  permit the formation 
of stable  mists. Lean limits are  again in   the  region  ant ic ipated for hydrocarbon 
vapors. On the  other hand, r i c h  limits occurred a t  somewhat lower fue l -a i r   ra t ios  
than are usually observed f o r  heavy hydrocaxbon vapors. T h i s  fact i s  perhaps  not 
too  surprising,.  since  the  rich Umit is more susceptible t o  slight effects, such as 
direction of flame propagation  (e.g., f o r  hexane with upward propagation, the   r ich  
limit is 0.242; with downward propagation, the llmlt is 0.m ( re f .  40) ) . The per- 
centage af nitrogen or carbon dioxide that must be added t o  air t o  render mists  of 
c u t t i n g   o i l  number 3 nonflamable were: nitrogen, 30 percent; carbon dioxide, 22 
percent. Tkse values ere smewhat smaller than  the  equivalent flgures f o r  hydro- 
carbon  vepors ( for  n-heptane, the amounts required are: nitrogen, 42 percent; carbon 
dioxide, 29 percentT, and suggest that the combustion of mists IS m a r e  easily 
suppressed. 

On the other hand, the s p r a g   f h u m b i l l t y  test of reference 42 does  not indi- 
cate this difference. In this test, fuel waa introduced ae a @ray into a cyUnder 
2 2  inches in dlmneter and 15 inches Long, through which 811 oxygen-nitrogen mixture I 

w i s  FlowLng. The spray  flammability limit was defined by the volume percent 
of oxygen f o r  which ignition took place. In  table VIT-V, sprag  flammability limits . 
f o r  a number of hytlfocarbm are Usted, and minfmum oxygen concentrations  for com- 
bustion of hydrocarbon  vapor8 are &so included  for  purposes of cctllparison. While 
the empirical  nature of the spray flammability test i s  stressed, it is of in te res t  
to note that them limits correspond closely to the values f o r  hydrocarbon m p o r e .  
It i s  impossible to say w h e t h e r  the higher limits for lubricating o i l s  were r e a l  or 
whether they w e r e  due to a f &lure of the spray to del lver   suff ic ient   fuel  to the 
ignition region of the  apparatus when more viscous o i l s  w e r e  tested. 

. 
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The limits of flammability in air of condensed mists of JP-1 fuel w e r e  0.043 
(lean limit) and 0.23 (r ich Limit) (ref. 43) . Ln a spray  apparatus, the  lean Umit 
was 0.0394. In general,  lean llmits for condensed mists and f ine  sprays seem to be 
the same a s  Umits for the corresponding vapors; r ich  limits f o r  Wets  may be some- 
what lower. ' 

Rate of flame propagation: Spatial  flame  speeds were de t ewkd  [re. 39) 
f o r  condensed mists and the equivalent vapor mixbures, and the results are contained 
i n  table VII-VI. Although name speeds f o r  vapors were higher, the experiments on 
vspora were  ccrnducted at higher temperatures.  Therefore, m i s t  flame speeds were 
increased to values  tha t  might be anticipated at the vapor experiment tmera tu re ,  
with the flame speed a s s m e d  Go increase &B the 1.4 power of the absolute tempera- 
ture, as i s  the case for  isooctane ( re .  22). These corrected miat fbme speeds, 
tabulated in table VII-VI, have in most instances the same values &B vapor. It 
should be noted that some of the   spat ia l  flame speeds axe quite Large, euggesting 
that the  propagating flames were not laminar. Presumably, conditions were the same 
in  both  mist and vapor mixbures, 60 the coq&rison i s  sti l l  perm€ssible. 

. 

c 
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N 

Ln conclusion, flammability limits a d  flame velocities for mists and f ine  
sprays (drop diameters ~f the order af U) microne) apparenay oorreqctd close- to 
those of vaporized fuel-& -urea - This result is compatible w t t h  the idea that 
smal l  droplets can vaporize and mix trith Etir in the eheat zone of an established 

38 suggest that  this i s  not the case. A t  the  present Ume, there does not  appear 
to  be information on limits and flame speeds for sgsttema in which these larger d r o p s  
are uniformly dispersed through the  combustible  mixture. 

- flame front.  For larger drops  (order of 100 micronsr t h e  experiments of reference 

In this chapter, the  present status of knarledge of the burnfng of gaseous and 
=quid fuels a s  diffusion flames is reviewed. For siqple systems (eimple fue l  jets, 
or  -le drops of liquid fuels) ,  combustion properties may be quite  successfully 
predicted from en@; rates; chemical reaction rates are  not considered. Mixing 
rates  are,   in  turn,  determined by mass- and heat-transport  proces~es. Current under- 
standing  of  the  burning of complex gas j e t s  and fue l  sprays is far less complete. 
Fine  fuel sprays and mists appeerr t o  be sirnilas t o  premixed. fuel-air  systems, xhile 
f o r  coarser sprays behavlor intermediate between that of diffusion and premixed 
fhmes might be q e c t e d .  The apEUcation of the data of this dxpter t o  combustor 
performance i s  therefore somewhat limited. Another l imitation  exists because of the 
high heat-release rates requ5red by eArcraft combustion systems. The high velocities 
may resul t  in  conditione that mre nearly qproach the  extinction  regions of the 
flames where chemical reaction rates appear t o  be tmportant. The extinction of 
dAffusion flames has received sca.uewhat less attention than normal burning and appeaSs 
t o  be a fruitful field for future  research. 
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BURNING IN AIR 

Fuel 

Petroleum ether 

Kerosene 
Diesel fuel 
Ethyl alcohol 
Benzene 
Toluene 
Ethylbenzene 

g-Xylene 
Isopropylbkzene 
Pseudocumene - n-Butylbenzene 
E-Eutylbenzene - tert-Amylbenzene 

Isooctane 

(1000 to 1200 c: 

- 0-Xylene 

- n-Heptane 

______ _____ 

Evaporation constant, p, ft2/0ec 
~ ~~ 

10.3 
8.5 
8.7 

10.4 
a7 .I 
9.3 
8.5 
8.3 
8.4 

b9.4 
b9.3 
8.3 
8.4 
10.4 
10.2 

"" 

C d c u l a t e d  
(c) 

"" 

"- 
"" 

8. 6X!.0'6 
9.6 
9.6 
9.2 

9.1 
8.7 
6.4 
8.2 
8.3 
7.8 
10.4 
10.1 

8.9 

%xperimentd  value  believed t o  be too low. 
bExperimentaL. value belleved -&I be  too high. 
C C d d a t e d  using  equation (3%) and a correction 

factor of 0.79. 

TABLE VII-11. - EVAPORATION COlBTAKI! FOR I3WCTANE 

M VARICIUS axYm-Nrmo(iEN A!D.foS-a 

Oxygen in &BIOS- Evaporation constant, B, 
Ph==, ftZ/sec 

percent 

17.0 

13.5 24.9 
12.3 20.9 (air) 
ll.5XL0'6 

34.9 15.4 

&Ref. 19. 
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TABLE VII-111.  - COMPARISON OF LOWER LpilTS OF FLAMMIBILW OF "I! AM3 VAPORa 

Fuel Lean-limit Temperature, Lean-limit Temperature, Fuel as 
vapor, fuel-air op fuel-air O F  

percent ra t io  ra t io  

Petroleum 

,054 230 .e6 97 bl Quinolin 
.OS 212 . o s  84 b7 Tetralin 

0.036 140 0.037 75 41 
(180° t o  220° C )  

R i c h  l imit  

Cutting o i l  no. 1 0.033 
Cutting oil no. 2 .043 
Cutting o i l  no. 2, .043 

Cutting oil no. 3 .om 
Sperm qpenching oil .OS 
Diesel o i l  .038 

&Ref. 41. 

distilled once 

, 
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8 
(0 
N 

c 

Spray fhmmKbility 

percent O2 in 02-N2 
llmita, 

Benzene 
- n-Hexadecane 
Cumene 
Aviation hydraulic 

Naval lubricating 
oF1 N.S. 2135 

f h i d  AN-W-0-366B 

12 
12 
12 
1 2  

34 

Benzene 
Methane 
Propane 
Pentane 
Hexane 

u. 2 
12.1 
u.4 
12.1 
U . 9  

%ef. 20. 
?Ref. 18. 

TABLE VII -VI .  - SPMXKG FLAME SPEEIX OF MIE3T BmD VAPORa 

Mist Vapor I" flame speed 

Fuel-sir 
ature, vapor, ra t io  
Temper- Fuel ELS 

percent OE 

Petroleum 
(180° t o  2ZOo C) 

&Ref. 39. 
bCdculated from eetimated- fuel vapor presslrre. 

I corrected to- 
Flame temperature of 

ft/Bec 
speed, vapor experiment 

4.3 I 4.2 

6.2 4.5 

1 
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Figure VII-1. - Various collfigurat1one used to obtain gaamus (iiffuaion flames (ref. 1). 
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Zone Fl8JE 
1 Normal , overventilated 
2 Normal , underventilated 
3 Meniscus-shaped 
4 Oscillating, rich, t i l t ed  
5 Toroidal, lean, t i l t e d  
6 Lifted 

I I I 
IO1 lo2 lo3 IO* 

A i r  f low,  ml/sec 

Figure VII-2. - Flame zones f o r  gaseous diffusion 
flames (ref. 2, p. 766). 
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Increasing nozzle veloctty "31 

Figure VII-3. - Pmgresaive c-e i n  flame type wlth increase In nozzle velocity (ref. 4.) . 
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Figure VTI-4. - Concentrations of carbm monoxide, nitrogen, and carbon 
a d d e  on a x i s  of cyllndrical carbon monoxide flame (by permission 
from ref. 3). 
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Figure VII-5. - Composition of hydrogen dif- 
fusion flame. Nozzle diameter, 1/4 inch; 
nozzle  velocity, 108 feet per second (ref. 4) .  
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stoichiometric 
collibustion of 
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curve multiplied 
by oxygen requfre- 
ment f o r  stoichi- 
ometric combustion 
of 1 mole of f u e l  

Figure VII-6. - Simplified diagram of concentration  profiles  in 
typical famimr diffusion fhme (ref. 4 ) .  
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Figure VII-8. - Coucentration profiles 
i n  hydrogen-air f l a m e .  3/16-Inch 
nozzle; no p r i m r y  air; flow veloc- 
i t y ,  162 feet per second (ref. 7 ) .  - 
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Figure VII-9. - Calculated flame shape using 

equation (6) for underventilated and over- 
ventilated flame (by permission from 
ref. 3) . 
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Figure VII-10. - EfYect of nozzle velocity on flame height of c i ty  gas 
~~.SIIES. Molecular weight, 19.7; no primary a i r ;  a i r  requirement, approxi- 
mately 4.5; nozzle diameter, ~ / E I  k c h  (ref. 4 ) .  
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Figure VII -12 .  - Eeights of butane-sir flame in free air. Burner tube 
imide diameter, 0.4 inch (ref. 10) . 
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Figure VII-13. - Effect of fuel and air velocity on f law height (ref. 8). 
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Figure VII-15. - Visible  rlame-length  characterla tics 
Uncmflned  flames; rounded nozzles  (ref.  7 ) .  
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Figure VII-17. - Concluded. Effect of velocity on ratio of flame height to tuba 
diameter in turbulent region of c i t y  gas flames in free air (ref I 10) . 
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Figure VII-19. - Flame l i f t ing.  Butane flow, 
10 miutmeters per second (ref. 10) . 
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Fuel flow 
(a) With and without osclllationa. 

(b) Instantaneous changes in flame appearance. 

Figure V I I - 2 1 .  - Effect of fuel flow on flame height (ref. 2). 
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Figure VII-22. - Diffusion flame s t a b i l i t y  diagram showing: 
A, height t o  turbulence in unignited j e t ;  B, height to 
turbulence in presence of seated flame; C, height t o  flame 
base of lifted flame; and D, height t o  turbulence Fn 
presence of l i f ted  flame (ref. 14) . 
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By Perry L. Blackshear, Jr. and Warren D. Rayle 

IHTROMTCTION 

€Ugh-performance Jet-engine  cmbustors designed for steady-flow operations fre- 
quently and smtimes unexpectedly exhibit periodic flow oscillations, which are usu- 
ally audible. ’ptme frequencies of these sounds range frum the 20 t o  30 cps buzz of a 
ram-jet ewne to the loo0 t o  3OOO cps screech of a h i e - p e r f m c e  afterburner. 
Some type of cambustion oscil lation may occur at any point d t h i n  the engine oper- 
ating range. Wse  coaibustion oscillatione =.e acccmrpanied by excursions in pres- 
sure and velocity within the combustion chamber. Sane observers report beneficial 
effects due to  these  velocity and pressure excursions evidenced by a noticeable in- 
crease in the combustion efficiency within the combustor. Still more observers K- 
port  deleterious  effects, such as a restr ic ted range of operating  conditions or the 
actual  destruction of cmibustac ccnnponent par te .  

&me modes of combustor oscillation exhibit distribution of pressure and veloc- 
i t y  perturbation that can best be described by solutions of the wave equation f o r  BTI 
idealized, h m g e n e w ,  s t a t i m  rmedium i n  &II enclosure having the &densions of 
the combustor. Other oscillations, where the -lied navelength is  long campared 
with the dimension of the enclosure, can better be described by use of a lumped- 
constant a m l y x l s ,  anelogous t o  the t r e a d n t  given the Helmholtz resonator. In  
these endyses, the wave and the  enclosure have been the pl-lme;cs elements; the flame 
and the f lar  processes have been  given cursory treatment. There are t y p e s  of can- 
bustor  oscillation, hawever, where such treatment will not adequately descrfbe the 
phenolllena, but w h e r e  the conibusGor ccmponents must be considered. Egemplea of such 
o s c . t t i o n s  might include  those involving aeolian tones, modulatfon of fuel flaw or 
fuel distribution, and recurrent  detonation. 

Regardless of the system employed t o  describe the pressure and velocity distri- 
bution  within the engine, a few general remasks may be made concerning the importance 
of the flame and the flowing stream in d n t d n i n g  the osciJl&ion. Any oscillation, 
whatever its nature, requires a source of energy for its contirmed exL6teuce. TUD 
sources ~f energy are “le i n  the -tor: (I) the k~netfc energy in w 
f l o w ~ n g  gas, and (2) the chemica~ energy released in the combustion process. w 
these two sources,  the chemical  energy i s  far greater. Ebuever, t h i s  energy can on- 
l y  be made availa;ble t o  drive the oscil lation through a time-varrJring work cycle, 
while the ldnetic energy i s  -Smmediately amLlable for driving the oscillation by 
means of ~LIY of a umber of thermodynamic or aerodynsmic processes that alternately 
stare and release this energy. 

Tbe interaction of the combustion and flaw processes vitbin the osciuatory  sys- 
tem is  complex. The flame zone i6 not anchored spatially but can move with and be 
disturbed by the oscil lating gaa. &anwhile, .the local reaction rates vithin this 
mobile zone vary i n  same manner with the time-varying pessures and temperatures. 
Ichese local ra%e varlations act as sources of 8coustlc waxes whose conibined effect 
is t o  drive the oscillation. 

In this rrhapter, the analyses that have been found useful i n  identifySng mdes 
of combustor oscil lation me summarized. Iche maaner i n  which depcrbure f r a m  the 
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assumed ideal condition affects mode identification ie discussed, and methods where- 
by an ident i f ied m o d e  may be controlled  or  eliminated are suggested. An e f f o r t  is 
made t o  formulate a coherent  picture of the interaction between the  oscil lation and 
the combustion and flow processes i n  an engine on the basls of the l i t t l e  t h a t   l e  
known a b u t  such interactions. 

I n  aLmost every case OP burner  resonance  encountered i n  practice, a portion of 
the engine  containing the fuel i n  reaction can be assumed separated fmm the reet of 
the universe by same acoustic barrrier. !be resulting enclosure can be treated as a 
resonant room having certaLn peculiar  acoustic properties. For example, the space 
between the ccanpressor and the turb ine   in  a turbojet  conetitutes such a roam. I n  a 
similar manner, the space between the inlet diffuser and the exhaust nozzle  of a ram 
jet consti tutes such a roam. The theoretical  treatment delineating the modes of res- 
onance possible i n  a room of a given geometry i6 available i n  a number of standard 
acoustic texts [refs. 1, 2, and others). TIE rather concise break- of the appu- 
cation of these  acoustic  treatments  to a rocket  engine  given in   reference 3 servee 
as a basis for the following discussion. 

The general solut ion  to  the wave equation fo r  a cylindrical  rocnn closed at both 
ends  with rlgld,  nondissipative w d l s  is 

- 

Bessel fbnction of first kind of order m 

arbitrary  constants 

length of enclosure, f t  

indices 

perturbation pressure 

radius of enclosure, ft 

cylindrical  coordinates, Ft, f t ,  radians 

time, sec 

.constant, (see table VIII-I) 

frequency, r a s n s / s e c  

b 

'c- 
3 n 

" 

I 

- . . .  
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A mx€e of oscillation then cszl be obtained by g iv ing  the constants m, nJ and 
i n t e g a l  values. Since the wave equation is  linear, a cambination of different mdes 
may &st simultaneouely. The frequency for any mode of osc3Uation i n  the cyUndri- 
cal. moa is aven  by the formula 

f '5 

*re 
a sonic m t y ,  ft/sec 

f frequency, cps 

It i s  of interest  to consider three of the simplest modes possible i n  the Tun- 
d r i c a l  roam. If m = n = 0, the naode is the purely longitudinal organ-pipe type of 
oscillation. For m = + = 0, the mode of o s d l l a t i o n  is purely radial with the gas 
o s c i U t i n g  back and forth f ' rom wall t o  center of the cylindrer dformly along the 
length of the cylindrical ram. For n = % = 0, tlm mod? i s  a purely tranrnrerse 
oscillation where for m = I the gas sloshes back and forth acroaa a diameter, again 
uniformly dong the length of the  cylindrical roam. Glustchea of the pres- distri- 
bution and particle mtion fm these three simplest cases are gim i n  figure VIII-1. 
~che higher a s  of o e u t i o n  possible can be c a n p u ~  *am e"ons (1) ~ n d  (2) 
with the help of the values of %,n given i n  table VIII-I f o r  the first several 
modes of trsnsverse and radial oscillations for which % or mag not be equsl 
t o  zero. 

A similar treatment may be given the annular roan [ref. 3) and the rectsngular 
room (&a. I and 2). Reference 3 points out the fact, emitted by st- 
acoustic tex ts ,  that the transverse mode of OBcKUation - occur &8 a travellng 
wave aa w e l l  as a stsnding wave. The pressure distrihrbion for  the traveling wave 
i s  obtained f r o m  equation (1) by taking K1 = 0, IC2 # 0; or K1 # 0, Q = 0. Figure 
VI=-2 a v e a  a campariaan of the pressure and particle-nmtion dl&ribution of stand-  
ing and traveling waves fo r  the first  transverse mode. 

On the basis of the preceding  dincussion, it is m w  of interest   to  cooneider the 
methoda  whereby such modes of oscillation may be e n t a l l y  identLf'ied. If the 
modes act- correspond to the simple solutions of the cylindrical m equation 
a8 discussed herein, f& a purel~ transverse e, the pressure w m  undergo a d- 
mum excursion near the Way and go through zero excursion at the center line of the 
duct. The pressure on opposite sides of the burner would be aut of phase for odd 
transverse naodes and in phase for even transverse modes. 

E the transverse mode w e r e  a standing mxe, the osd.lla.tory gresgure &out a 
CircUIlrperence would reach a maaiTmrm at the nodsl point, esh at an sntinodal paint, 
and so forth. On either side of the antinodal line, the- pressure oscillation would 
everywhere be i n  phase. If the trauwerse mode m e  a traveling wave, tbe aurpUtuae 
about the circumference wouId be everyuhe  the a m ,  and the m e  aifferende be- 
tween two points of circumference would be an integral multiple of their aagular 
displacemmt. A radial wave would hwe the pressure distribution shown in figure 
VIII-1. T0.e phasing would be such that the pressure at the center of the duct would 
be U O 0  out of phase with the preseure at the xall for odd modes and i n  m e  for 
even modes. 
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In both  the  transverse and radial modes, there would be no change i n  pressure 
and phase along the &s of the cylii-drical room. In   the  purely  longitudinal mode, 
however, there should be no chwe i n  amplitude o r  phase across the diameter or a- 
round the periphery, whereas there would be a change i n  mplitude  along  the axis and 
a ~ S O O  s h i f t   i n  phase every time an a n t i n o m  plane was crossed. In  selecting a 
reliable characteristic for the identification of the mde, devLations resulting from 
the too-radLcal. departure f k i m  the assumed ideal hamogeneous stationsry medium may be 
considered. 

. 
c 

me presence of steady flow through the  burner would pmbaldy have its greatest 
effect  on the  longitudinal resonance. Strong velocity  pedients migbt OCCUT i n  a 
radial direction. These would tend to  diffract  longitudinal waves and concentrate 
the i r  energy i n  the region of lov effective sound speed. 

Temperature gradients would tend to  affect  almost all the mOaes of o s c i ~ t i o n .  
For example, reference 4 glves a theoretical  effect of an aasumdtemperature distri- 
bution upon the first transverse mode of osc i l la t ion   in  a cylindrical duct. Fkfer- 
ence 5 discusses the effect nf a sharp temperature discontinuity upon longitudinal 
oscillation. Refknce  6 glves an experinmrtd. demonetration of the effect of sharp 
temperature gradients on the f i r s t  traneveree mode of osci l la t ion  in  a cylindrical 
duct. Iche discussions i n  references 4 and 6 indicate that, w'nere the gaa in one 
section of a cylindrical duct is executing a unifonaly tranaverae motion, at a tem- 
perature gradient,  there dll be phase 6-6 and 8 propagation of the  oacFUatary 
motion i n  the  longitudiaal  direction. Therefare, although the wave equation solution . 
for E transverse atanding w e  may adequately describe the  transvere gas motion, 
there will be E longitudinal camportent o f  the g ~ b s  motion i n  the pressure propagation 
direction. Thus, it would aeem that the only possible confusion that could be caused 
by neglect of velocity and temperature ,gxdients would U e  i n  the identification of -. 
a 1ongituaFnal mode by a longitudinal  pressure survey. Usually, consideration of 
the frequency  alone leade t o  a rather wide choice of possible nw&s of oscillation, 
since sound speed i s  rare ly  known accurately. 

.. .. 

- 

- 

" 

" 

In burner  oscillations, smpl i tudse are reached. that far exceed the a e s  can- 
,mnly referred  to  as infirdtesimal, for  which the waya equation i n  its Ilnea.r form 
applles. Reference 6 shows that for these high amgU.tude waves a h m e t  any wave form 
tends towaxd the =-tooth wave farm because of the differing acoustic  velocity i n  
the coarpressed and rarefied gas. This tendency toward saw-tooth form would not nec- 
a s s a d l y  change the frequency of oscillation,  since even for wave8 of aa much aa 2 
atmoephsres peak-to-peak amplitude, the apparent  propagation rate of a t r d n  of waves 
does not differ apprecisbly from sound speed. Tkre would be au effect, however, 
in that the waves constituting either a standing o r  traveling rsve oscil lation v w l d  
be aaylmaetrical. A very sinrple xay of demonstrating this effect is  by considering 
equation (1) for the case where m = n = 0. Brice a sum OF solutions of the form 
thue obtained i s  also a Bolution of the wave equation, an equstion describing a 
standing WE= systam camposed of sav-tooth waves may be derived: 
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The rather unusual pmperties exhibited by this standing wave system include an am- 
plitude at the antinode one-half the va3ue at the node; the frequency of the oscil- 
lakLon measured at thi8 point  appears to be doubled. SimLbxly, the phase obtdned 
by measuring the time between pressure peaks will differ  fram point t o  point in the 
region between a node and antinode when the wave is  saw-tooth and w 3 J l  vanish when 
the wave is sinusoidal. 

This same treatment cannot be applied  directly t o  the  transverse modes, since 
higher hamnonics are not multiples of the fundamentals. I n  reference 4, the trans- 
verse waves of finite amplltude were investigated by retaining the second-order terms 
i n   t h e  wave equation. The conclusion was that t o  second order the waves were Ermooth 
and permanent, and no difficulty should. arise in basing  identification on first- 
order terms done. In practice, a rather careful study must be made to ascerfxin 
amplitude and frequency distribution about a circumference i n  order t o  distinguish 
between standing and traveling  transverse waves. Harever, the primaxy d m  of mode 
identification i s  t o  give a clue to the best manner i n  which damping may be spplledj 
therefore, a rigorous determination as t o  -thr a transverse & i s  traveling or 
standing i s  not  important,  since the dmrping of both waxes w o u l d  be the same. 

Once the mode has been identified,  appropriate w i n g  can be applled by acous- 
t i c  treatment either of the outer shell, the core of the combustor, or the terminat- 
ing end of the cmbustor by various .methods suggested i n  references 1 and 2. Fm-bher 
mention of damping ethods is made i n  a subsequent section. Reference 7 demonstrates 
the suppression of identiFled  transverse modes i n  EL screeching afterburner by instal- 
lat ion of a perforated liner mtream of the fLame holder. 

The Burner as a Helmholtz Reaonatm 

Both ram-jet engines and turbojet  afterburners ordidly include a subsanic 
diffuser of m&ler cross section  than that of the cambmtion chaniber. W s  gmmetry 
is  analogous to that of the Helmholtz resonator. A mde of resonance should then be 
possible wherein the gas i n  the diff'user oscil lates back and forth and t h a t   i n  the 
combustion  chamber rmdergoes pressure fluctuatFona. Such a mode of resonance w o u l d  
be less probable i n  the afterburner,  since  the pressure drop across tb turbine en- 
sures a nearly constant flow of gas into the afterburner. 

Like any other form of osc i lh t ion ,  the Hebiholtz  type requLres that energy be 
available to   sustain it. In the --jet e a n e ,  there are three m e c h a n i s m s  by  which 
the  available energy msy be amlied. Ilhe most obvious one is that depending on a 
time-vaxying heat-release rate within the ccmbustor. Another relies on a -able 
pressure  recovery of the srrpersonfc diffuser,  thus  using  the  Hnetic energy of the 
incoming air to drive the oscillation. S t i l l  a third mfgtrt employ a time-varying 
temperature or temp=rature profile at the exhaust  nozzle^ this would not necessarily 
imply a vaqy5ng heat-release rate for the whole cauibustor . 

The effectiveness of varying  heat relesse as a driving m e M m  can be easily 
analyzed. Assum f i r s t  that the diffuser i s  of constant area snd has a pressure 
recovery independent of mass'flow. Let the tempratme rise across the combustion 
zone be constant; the heat-release vmdation i s  produced by variation of mass flow 
through t- (nonstationary) ccmibustion zone. Assure a choked esrhaust uozzk and 
neglect the pressure drop i n  the combustion Chaniber. Then, if the density of the 
hot gas i s  

(41 
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the Unees differentia.   equation for the gas motion i s  found t o  contain the damping 
term 

m e a n  combustor pressure 

perturbation  canbustor pre 8 sure 

mean heat-release rate 

perturbation heat-release rate . .  . . .  . . 

mean temperature of gas entering combu-tor . .  

. .  

.. .. . . 

. .. 

temperature r i s e  across cambustor 

r a t i o  of specific heats, c d . y  

densit ies of gas before and d t e r  combustion 

" . 

. .$. 
.- " 

" 

It i s  readily seen  that ,   for  realietlc  values of iY&, the   cr i ter ion becomes nearly 

@C - > 1  
QP 

The case of Helmholtz O s c i ~ t i o n  driven by a -able diffueer pressure recov- 
ery i s  treated by Merence.  8. For isothermal flow, a differential  equation is de- 
rived to describe the gas motion. It w be writ ten REI 

where 



fche frequency of osci3lation may then be expressed as 

where 

theoretical  frequencies and s t sMYty regLons are rep&d i n  reference 8 t o  agree 
reasonably well wlth experimental  values. 

When heat is added i n  the cambustion chmber, the analSgia becanes more caurplex. 
In this case,  reference 8 a a m s  a constant rate of heat release. This part of the 
investLgation,  then, includes oscillations  driven by a time-varying temperature pm- 
file at the exhaust nozzle and by a variable dlffueer pressure recoverg. !&e ef fect  
of heat addition is to further reduce the region of stable operation for a given 
configuraidon. A ty-pical result is p-esented i n  figure VIII-3 [ref'. 81. This fig- 
ure shows s tab i l i ty  redona ccrmputed for isot- as w e l l  as cabustion conditions. 
T k  osr?-rtion  frequencies  predicted were found i n  reference 8 t o  be considerably 
lower than those observed. !be observed frequencies were sufficiently high that the 
possibil i ty of standing-wave resonance should be considered. 

The third factor by which a B;elmholtz oaclllation m e ~ r  be Mven is a -le 
exhaust temperature. Since the exhaust is  u s e  choked, ~ z 1  increase i n  gas tem- 
perature produces a decrease i n  ma88 flaw. The andysis of reference 8 does not 
deal with this effect &ne. However, since the &&-release r&e is asmuned con- 
stant,  the  variation i n  exhaust temperature with mass flow can be considered t o  ac- 
count for the decreased stability sccampanying caaibustion (fig. VUI-3). 
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In the  actual engine, the stEtbility depends  on all three  factors. Potential 
instabil i ty  vlth  respect to one may be overcame  by the effects of the others. The 
a n a l y s e s  mailable are necessarily simplified, a aathematically rigorous treatment 
being  impossible for a real englue. The s tab i l i ty  criterla should nev&heless be 
indicative. 

Dep&ures f r o m  the idesllzed  condition vlll effect  both the stud s t & l i t y  
region and the actual frequencies. aLe effect of through-flar has been included in 
the saeJyeesj the  effect8 of finite sound level, spatid. temperature gradients, and 
nonlinear performance of exhaust and diffuser have not been ccgrpletely discussed. 
Insofez as the  s tabi l i ty   cr i ter ia  are concerned, the  ultimate anrplltude of the 08- 
c i l la t ion  is probably not important. The crlterla merely state  that under certatn 
conditions  idiniteaimal disturbances will be amplified. It is possible that addi- 
t ional   inetabi l i ty  will result f r m  finite disturbances, or t r i g g e r s ;  the effect of 
flow  disturbance on heat release cannot be expected t o  remain linear at hi& 
amputude. 

To prevent the Hehholtz-type  osdllation, the driving  forces must be reduced 
or opposed. The driang force due t o  varying diffuser pressure  recovery can be 
reversed by using I+ d.lffuser with an appropxlaix characteristic, that is, a diffuser 
vkoee pressure r e c m  decreases ae the  mas^ f l o w  increases. ?pie driving due to 
varying heat release can be reduced ar reversed by (1) reducing the sensitivity of 
t& combustion process t o  velocity  or pressure fluctuations, and 12) bringing any 
reddud perturbatiom. as far as possible Otrt of phase with  the burner pressure. 

temperature insensit ive  to velocLty and pressure fluctuations, and (2) contmmng 
the  residence time of the  hot  gas and hence the phssing of the  reflected pressure. 

driving by  ve;rylng exhaust temperature can be altered by (1) maMng the exhaust 

According t o  reference 8, the least  OsciUation should be found far a configu- 
ration employtug a long diffuser and a muall combtion-chaniber volume. The reduc- 
t ion of the sensit ivity of the combustion process might result f k a u  (1) removing the 
flame holder fram the high-velbcity perturbation  region, and (2) uslug a fuel whose 
reaction  rate is little affected by variation of pressure and temperature. 

. 
m 

. ". 

Damping by the use of tuned resonators attached t o  the combustion chamber has 
been propoaed and experimentally  iwestLgated. Reference 9 shoved Wmt such a reso- 
nator,  tuned from 43 t o  64 cps, w a s  effective  in suppressing pulsations in a ram-jet 
endne. These pulsatione,  without  the  resonator  present, occurre& at about 20 cps. 
Suppression of puleattione xae obt+ned over a smaU part of the diffuser operating 
range. .. - - 

Control by viscous damping seem b p r a c t f d ,  tho@ theoretically a W g e  fric- 
t ion Loss i n  the. diffuser would be effective. Another theoretical  possibility would 
be t o  contrive a pressure-sensitive exhaust nozzle ~o.that i ts  effective srea nould 
increase with pressure. 

f = 0.185 5 v 

where 

D rod diameter, f t  
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f  frequency, sec-1 

v stream velocity,  ft/sec 

The length of the duct i n  this case could be varfed u n t i l  the frequency of vor- 
tex shedding B,TUI that of a mode of resomnce i n  the duct  coincided, at which t ime EL 
rather large amplitude oscil lst ion wou ld  emue. lche Beparation of the boundary layer 
from a rOa i s  but one of the forms of separation that c8.n occur i n  the camplex inte- 
r i o r  of a jet-engine cambustor and that can i&=t with the gross f l o w  to excite 
either a longitudinal, a radial, or a transverse mde of oscillation of the burner 
enclosure. 

. 

L 

When the  frequency of vortex shedding coincides with the frequency of the sup- 
ported cylindricd- rod, the ensuing vibration is greatly amplified. Ilhis if3 the 
source of the musical note in the aeolian harp and i s  given a rather general inves- 
t igation by s-tro~hal (discussed i n  ref. 2). 

Another form  of oscil lation iwolving nonacoustlc  elements is  discussed i n  ref- 
erence =. A f l o w  disturbance i n  the conibustion chardber created 8 pressure pulse 
that traveled upstream and modulated the rate of fuel flow f r c r m  a fuel injectar.  
The modulated fuel-air mixture then traveled downstream at stream velocity, &ved 
at the combustion chamber, caused a change i n  pssure i n  the combustion chambar, 
and sent a corresponding pressure @e ugstrem t o  repeat the cy&=. We frequency 
of oscLLla.tion for this type of nonacoutic  vibration is given 88 

where 

e. sonic veloci.ty, 1280 ft/sec 

d distance from igni ter  t o  iqjector, f t  

v velocity, ft/e 

ALgo discussed i n  reference ll. is  a type of o s d U a U o n  involving recurrent &tons- 
t ion  or iginat ing  in  the bound8ry layer of a duct filled with a cdbustible mixture. 
me  f reqency  of t h i s  type of o s c i U t i o n  c821 IX *-ne& frrmt equEttiona (I) and 
[z )  of reference 2. 

A l l  these types of oscillations would be d f e c t e d  by the acauatfc &aping dis- 
cussed previously; however, special treatment meyak given these types of oscilla- 
tions. For example, the physical structure of the offending stru-b can be madified 
either i n  i t s  rigidity or in i ts  size and Location 80 that its natural freqyencies 
differ  fram the excitable  frequencies of the burner enclosure. For the second type 
of oscillation,  the  injection pressure can be increasedto render the fuel-injection 
syatem relatively insensitive t o  amaU fluctuations i n  the c m h s t o r  pressure. The 
oscillation  involving  recurrent  detonation w a s  controlled i n  reference ll by the 
injection of Mn-breaking  additives  in the MlmAR.T?r layer of the cabustion cham- 
ber imolediately dami3tream of the flame holder. 

Reference 1 2  uses a quasi one-dhensional plane wave theory t o  express pressure- 
time relations in a buzzing rem jet. !TMs isothermal  pulsation i s  assumed t o  be 
triggered by flow aepsration i n   t h e  diffuser. The consequent nacmentary redaction 
i n  mass flar is accmptmied  by a sh i f t  in the location of the nomnal shock and by 
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pressure and rarefaction waves that propagate Into the cambustor.  These waves are 
reflected back and forth between the exbust and the diffuser aa the engtne pres- 
slowly regains i ts  origin& value. !&en the  cycle repeats. 

The characteristic of t h i s  type .of lnstabi l l ty  i s  the noneinueuidal nature of 
the perturbation of the inlet mass flow. For ES much 88 70 percent of the cycle this 
flaw is constant. A t  mq stat ion  in  the cambustion chamber, the pressure first under- 
goes a sharp decrease, then climbs slowly back t o  i t s  original value, at the game 
time being modulated by the reechoing pressure-rarefaction cowplet,a. Various pre- 
Bicted p r e B ~ - t ~  curves &re shown by reference 12 t o  correspond Elmazingly w e l l  
M t h  experfmental ones (fig. V m - 4 ) .  I 

This type af pulsation is not combustion-driven. It is of interest  SB a rep- 
sentative at nonslnueoidal vibration systems, analogous t o  the  electronic r e h a t i o n  
oscillator. These sy-stems differ from the  sinusoidal oscillatora In that not even 
an infinitesimal disturbance i s  naeded to   e t& the cycle. 

mImAC!l?IONS 

Elements Disturbed by Velocity and P r e E s u r e  Oscillations 

The nature of steady flar through diffusers, around obstructions, through per- 
Sorated liners, and particularly tbrough the flame zone ie poorly understood. Any 
attempt t o  t 3 e ~ ~ r i - t ~  processes that occur when pressure snd velocity  osdllations are 
mperLmpoaed on the steady flow may appear presumptuous. 'phe fact  M u s ,  however, 
that in the real cmbwtor red oscillations do &st. Even though discussing the 
effects of these 0 8 0 t i O n S  on the p ~ c e 8 8 e S  that telce place In a caubustor may be CI 

considered sheer epeculstion, it i s  fe l t  that t o  speculate i s  potentially more profit- 
able than t o  ignore. 

fchere are a number of poeaibls  effects that canibustor o e e l t l o n s  may have o n  
the boundary layers extatin@: in the VBSious component p m t s  of the burner. SUIE of 
the effects can be extremely violent, such aa the increme in heat-trsnaf'er rate to  
the  outer shell during screeching burning (ref. U) . A possible,explanation for 
this effect i s  given I n  reference 3, w h i c h  stafes that the velodty of the gas ad- 
jacent t o  the Le increased during screech by meane & the transverse mode of 
osciUation. 

i 

!there i e  no clear-cut damonstration of the  effect of osciJlations on the over- 
a l l  build-up and separation of a baundary l a p r  on a straL&t vdl. In s ~ m e  theo- 
retical  studiea of boudary-lcy.er growth, the  amplification of dieturbsnces of a 
sinusoiasl nature haa been considered 88 a possible  explanstion for  the  traneition 
ffam a laminar t o  a turbulent; bcaudary Layer (ref. 14) . Wnce , In  nmst caaes, the 
boundary Layer in %e- cambusblon chmnhr vill already be turbulent, the possible 
intermtttent  separation and attaclrment of a bounhry LaJrer should be considered. 
Bm synchronizing of the shedding of a bound vortex on a rod e t h  duct  oscillstione 
has already been cited (ref. 10). Reference 15 s ta tes  that, when a fLame is  seated 
on the rod, the  vorticee no longer shed but became bound and, i n  mst cases, eymnet- 
r i c .  The l i terature  i s  not i n  unanimow agreement on t h i s  point. Reference 16 indi -  
cates that, near blow-out, &ex shedding with  canbustion does occur. wlth cmbus- 
tor oscillations, there c&dnly seem t o  be evidence of samet*Mng resembling vortex 
ahedillng I n  the wake 09 a flaxe holder, ae can be seen from the excellent schlieren 
photograNs of a ram-jet fLeme during screech in reference 13. 

c 

c 

(It: general interest  regarding the influence of flow fluctuations on a vortex 
t r d n  In ths wake of a cylinder with and without ccmibustion is reference 17. Here, 
the folloxing velocity  profile I s  examined for neutral stabiUty: 



c 

where 

E 4 

. 

8 

B 

c 

f ,+ functions of viscodty,  distance, and initial stream mamentum 

k constant of integration 

u ve lodty  

y distance perpendicular to direction of f l o w  

Equation (12) WEE found (ref. 18) to  represent  profiles of mixing plane Jets and 
wakes. It was found that the disturbance  vortices (for unsymmetric disturbances) 
formed two trains a distance h q&, alternately allgmd as i n  tlae K&m& vortex 
street. The relation between h and the distance A .between vortices i n  E single 
t r d n  i s  aiven i n  reference 17 as 

whereas, for  the Karman street, I I  

o r  the two agree if 

Since vortex occurrence i n  wakes i s  possibly connected t o  the stability of a 
mean w a ? e  profile,  the problem can be further simplifiedby an approxLmation of the 
profile  with a broken-line  V-profile 2) and a study of the effect 
of density  variations. It is  found that the wadength of the neutral disturbance 
of the V-prome is the m &B f o r  equation (12) when the v is of c e h  width, 
and that reducing the  density of the wake gases haa EL stabillzing  influence, but 
does not render the mile completely stable, at wavelengths large ccmrpared with 
the profile width. This is  in m t a t i v e  agreement u i th  the data of reference E. 
The interaction, then, is this: Acoustic oscillations supply the initial -tude 
to a flow disturbance i n  a wake, wkich subsequently grows, *cays, ar remains un- 
c-ed, depending on the m L = n & h  of the disturbance. 

In  reference 5, a study was made of th.e srrperFmposed steady and tlme-nxying 
flow through a 1/2-inch-diameter thick-Plate  orifice. IIbe t h i d C E E S  of the tin=- 
v-ng flow boundmy laJrer dPpen&d on the Beynolda mmiber of the steady cmponent 
of the flow. The time-wsyln@; flow wofile through the orifice was essentially that 
computable from the potentid flow theory, except f o r  EL thin boudazy layer that 
depended on the Re,y-uolds number of the steady flow, 8s shown i n  figure VIII-5. 

The effects of pressure and velocity  oscillations on fuel flow and on W n g  
rates depend lsrgely on the types  oscillations involved and the location and de- 
sign of the fuel-injection s y s t e m .  %e pressure pulsations may directly modulate 
the m-flow rate during the oscillation. .The mafor effect on the mixing rate, 
however, will be tht of the time-va.rying velocity, which xUJ. be mt strongly felt 
when the  OscFllation contains radial OT transverse c v n t s .  
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Most studies to  establish  the flmdaauental nature of flame-stabildzing element6 
have recognized that flow oscillatians  $reatu affect the perfmmance of fu E t a -  
bilizers.  Reference 15 reported that, when resonance was encountered, blm-art, 
ve lod ty  data could not be reproduced. W e  posslbixty af duct lTesOnance i n  the 
study  reported i n  reference l5 was remaved by placing  the flmne stabil izer near the 
exhaust of the  test  duct so that only a small portion of the  stabilized flame re- 
Wried enclosed i n  the duct. A number of investigators have nsentiomd the fa& that 
increasing  duct  length appem to  ipcrease the instabi l i ty  of a ] b w m i n g  engine. 
I c h i S  trend is  inustre;ted by unpublished PIAClA data in.  figure VII I -6 ,  which shows blow 
Out for  Several different *locities as a function  of tail-pipe  length ana 
fUd-& rat io .  The factor  affectipg  Mth the flame stabi l i ty  and the heat-relet3Se 
rate is  the previously mentioned tendency of t h & t i . & L V a r y i n g  fh to follow pot.=n- 
k i d .  flow streamlines. W s  tendency is  sham by the sequence Car photographs in 
figure VIII-7. %US, a velocity  disturbance a t  the flame holder, rather than seps- 
rating at the dovnstream edge and Umng for  a sheltered zone re&culatlon 
may O C C ~ ,  will came a penetration 'of this sheltered zone by an amount dependent 
upon the amplitude of the  disturbance. The effect of this potent id  flow about tbe 
flame h d w ,  then, w i l l  be (1) t o  hinder the recirculation in the wake of' the flame 
holder by  an inclusion of cold gae, and (2) t o  extend the f "front =ea at the 
flame holder, t h i s  extension  then  flowing downsham at about stream velocity. 

It i s  fe l t  that the wriukling of a flame fmnt  at a flame holder i s  one of SSV- 
e r d  w a p  i n  wh ich  the flame area ar the  heat  release may be vexled during an oscil- 
lat ion.  The eequence of photographs (ref. 5) i n  figure V I I I - 7  shows the t ime his- 
tory of a WriTLkle fram i ts  generation at a flame holder t o  i ts  disappemance at the 
flame t ip .  

Reference 19 pbinte  out that the  stabil i ty of a hat-cold in%erface i e  markedly 
affected by the acceleration6 occufiing aurfng acoustic resonance. The effect of 
acceleration is  t o  destabilize 3f the accelera%ion vector has the s8me direction aa 
the  density  gradient ( re fs .  20 and a). 

Data of reference 19 show that a flat  fLame breaks periodicaUy  into  cellular 
flameleta i n  a reaonating tube in phase with the gas acceleration. The phase rela- 
tion  required by the Rayleigh criterion for  drivLw standing w a v e s  by heat addition 
is thus met. The o s c i u t i o n s  and the cells occurred in fuel-air mixtures 
tested,  but amplitudes were greatest i n  those d x t u r e s  i n  which ceLls,formed spon- 
taneously, that  is, i n  downw8xd prapagating flaples that were unstable i n  Bpite af 
the  stabilizing  effect of @;ravity. 

To treat t h i e  pmblem theoretically, a periodically v-ng acceleration nae 
substituted  for  the  gravity  acceleration  in  the  flame-front s t a b i l i t y  equations (ref. 191, and remarkably good egreemnt  vith experiment was achieved. The s&me 
sort of substitution can be made i n  the stab i l i ty  anaJyses of references 20 and 21, 
i n  which a continuous-velocity distribution i s  a s s m d  para1 t o  a sequence of 
discontinuities  in  densities. 

One general  conclusion might be drawn f m m  these s tab i l i ty  CollEliwations;  the 
f- front can be desensitized if the density  grahi-ents -me not paral le l  to Proba- 
ble acceleration  vectors. Scme of the OscFllations  encounteredin Jet  emnee reach 
such violence that it is possible  that lmg6 reaction-rate changes accompany the 
o s c i ~ a t i o n s .  Whatever the  direct cause of the  increase i n  reaction  rate,  the OS- 
c iua t ion  is  certainly conducive t o  high performace i n  same casea. For example, 
reference 6 showed that during a screech  condition  the  canbustion  efficiency for a 
sfmulated afterburner was 92 t o  98 percent, di-opping to 65 percent with the cesaa- 
t ion of screech. The effects of oscillations on nozzle and diffuser performance 
are to date unknown. 

- 
ti 
.. . 
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A few general  remxks may be made Elbout the location of the disturbed elements. 
It has been shown that i n  same a e s  a velocity  fluctuation causes the sensitive 
element t o  be disturhd; whereas, i n  other cases  the pressure fluctuation is respon- 
sible. Thus, i f  the oscillation  consists of a Standing wave, the pressure 
variations will be found i n  those parts of the b m e z  where the velocity  fluctugtione 
are least, and vice versa. In this case, the resonance may be reduced by judicious 
location of the sensitive elements faz frnm their exciters. Such a remedy i s  not 
mailable, however, i f  the mode of oscil lst ion is one in  which travellug waves 
dominate. 

Effects of Feedback Loops on Pressure and Velocity 

I n  general, any self-excited oscil lation mag be consi&red t o  involve a feed- 
back loop, that  is, a means by which the effect of a given si- Fa ultimately t o  
generate  another such BLgnal. When very-high-frequency oscillations (wavelengths 
on the order of a burner diameter) are involved, the signal will probably be awus- 
t i c  tbmughout the cycle and tril l  therefore -el at velocities of 1200 t o  3WO 
feet per second. A t  lower frequencies,  the feedhack loop may m s e  such elemznts 
as variation of gas composition, which will be transported at stream velocities. 

If the oscil lation i s  a s m d  t o  be canbustion-driven, each cycle will. indude 
a variation of heat release that be either local or  over-all. W a  variation 
will, i n  turn, pxmluce pressure and velocity w a v e s  mDvlng upstream at a speed 

re-ty KT= -0 generated  ana W~U. muv-e downstream at a velocity a2 (%) . 
The problem then  bec-~ one of defining the possible methods  whereby these waves 
can produce subsequent Changes i n  the heat-release rate. , 

y (1 - q ,  and dawnstream at a2 (1 + %I. A cuqosit ion an& a tempratme ir- 

the Vd.Odty is  Sonic at the eXhI%UEt, &11 mt&W p S S U r e  UaVe Win 
reflect ,  and a pressure wave will then propagate upstream. a mamentary increase i n  
temperature, on the  other hnnd, K i l l  be transf-d into a rarefaction wan travel- 
ing upstream. These waves - affect  the heat releaae as they pa86 t h r o w  the 
combustion zone by moai-ng the pressure and temperature therein, OT they mey have 
an ind i rec t   e f fed  paasing through the cmbuat3.on zone. In the latter case, 
the effect of sound waves traveling upstream f r o m  the conibulstim zone may be con- 
ddered, reg8xdhss of whether the wgves originate i n  the t i l l E - v e n g  combustiOn OT 
whether they have already reflected from the exhaust ~ z z l e .  Such waves may affect 
the subsequent heat-release rate i n  many m, among which are {I) -ng the fhn? 
area as the wave passes  the flame holder, (21 cfianging the vehc i ty  profile rTpStmm 
of the f m  holder, (3) a t e r i n g  the U C ~ L  =-air ra t io  as the wave paaes  the 

t ion fram the inlet difftrser followed by any of the &orementioned interactions. 
injectors, (4) altering the mass-flw rate into the diff~aer, and (5) reflec- 

This sumnary of poasible  interaction is intended t o  be auggeskin rather than 
exhaustive.  Additional si- &mnels such 88 the shadding of vort;lces, mechauical 
dbrat ion,  and moduLation of fbd sprsy OT fue l  eveporation C h a r a C t e r f S M C S  Should 
be noted. 

fundamental  frequency for any loop can be de-ned aa the r e c i m c a l  of 
the time required for the signal to travel the loop: 
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where 

Li length of loop €+egment, f t  

vi velocity of si- i n  loop segment, f t /sec 

Although it is  impossible to.aseign a given loop definitely to a ham frequency, 
it i s  possible   to  elidnate fram consideration  those channels reguiring unduly long 
or  short   intervals.  h u e  caution i s  necessezy; if  various channels ere simultaneous- 
l y  active, -the frequency *e8 not be the fundamental of dl. and m q  not be the fun&- 
mental of any. It is highly probable that,   wlth the multiplicity of potential  feed- 
back loops, many may contribute to any given  fraquency of oscillation. It is likely 
that the m o d e  of resonance  selected by the burner will be that for which the energy 
released from the  individual feedbacks i s  greatest. 

A l l  the feedback loops considered have one element i n  cannon; the signal i e  
carr led upstream as an acoustic  uave. This suggests  the  possibility & controlllug . 
these  oscil lations either by damping this wave or  by desensitizing the elements it 
Hill affect.  One method of damping might be t u  provide channels of varrylng acoustic 
length frcm the flam bolder  to the region of interest ,  so that the original wave * 

would be broken down in to  a series of smaller waves esrlving one &er another. 

The case of osci l la t ion of very b i g h  frequency can be considered  analogous, ex- 
cept  that the si@ be propagating  transversely for much of the  cycle. 

SIGNIFICANCE OF €C3sONANCE BRmIFS IN DESIGN aF JST-ENGLNE CCMBU3TORS 

Design Criteria Based on plbde of Resonance 

The application of results of resonance Investigations to  the design of jet- 
e a n e  cambustors is sanewhat Umtteed becsuse of thci oppo&ng requieites for goo& 
combustion and lese  resonmce. From acoustic c o ~ ~ e i d e r a f + i o ~ ~ ,  thg features of cu1" 
rent combustors are m o r e  likely t o  produce than $0 reduce  resonance. Current designs 
are symmetrical, smooth, hard, and uniform. On the other hand, less resonance would 
be anticipated if 110 two surfaces ref lected waves dike, absorbed waves dike, nor 
had p a r a l l e l  w a l l s .  The optimum combustor deeign must necessarily be a compmmiee 
between the two extremes. 

. .  

.. . 

"" 

In  the actual design of the combustor, the 8i.IripleSt r u l e  t o  app- would  b? to 
scoustically eoften those y t s  Clf the  cambustor whqe possible modes of osci l la t ion 
would have press- maxLmums. Thus, for   the longitudinal wave, the softened part of 
the  burner should be at the terminations and at the w8,lJ-e near the terminatione. 
For transverse m o d e s  of oscil lation,  the vall surrounding the region where the  trans- 
verse  oscil lation might occur w 0 u l d . b  indicated. If the walls are eoftened by w e  8 

of some sound-absorbing material such as filaments of glass or   a tee l  wool behind a 
perf'orsted ehell, it might be w e l l  t o  place such sound-absorptive  material i n  a 
random distribution of patches, random both i n  s ize  of patch and in   locat ion upon 
the wall. 

- 

If the flame i s  drieng t h e   o s c i U t f o n s ,  and it appears that t h i s  i s  the- case 
i n  a Large number of iwtancee,  it i6 Kell t o  keep- t&i fl.im&a~& frcm region8 where 
the pressure goes through i ts  m d m  excursion. This n~ana  that the maximum re.- 
action zone should be kept away from presslrre loops in   the   s tanding  wave : away f r o m  
the  terminating  ends of the combustor i n   t h e  case of longitudinal standing wave, 
and away from the w a l l  in   the   case  of transverse standing wave. If the combustor 
is of such a nature that s t ra t i f ica t ion  of hot and cold  gases i a  implicit i n  the 
design,  such  hot and cold patches plL.ht be si_zed.agd-apced-  to a@ a8 BOUTC~S of 
wave interference. 

.L 
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After measures t o  reduce oscillations have k e n  applied, it msy be found that 
a given combustor still oscil lates at particular  operating  conditions. If the mode 
of this oscil lation can be identified,  corrective measures spedf3.c to   tha t  mode may 
then be applied. Table VIII-Q gives a summary of corrective me&sures for specific 
modes of oscillation. 

Design Criteria Based on Eensitiv3ty of Msturbed -nts 

If a camponent part of the ccanbustor such as the flame holder is  a sensitive 
eleruent i n  the feedback loop causing the self-excited  oscillation, at least one de- 
sign criterion can be emgloyed. If the element i s  sensitive t o  ve lod ty  or pressure, 
it can be moved f r o m  the locus of maximmi velocity  or pressure excursion.  Other reme- 
dies- equally as obvlous would be either  to  desensitize  the  sensitive element complete- 
l y  o r  t o  shift I t s  sensi t ivi ty  to a Frequency range that  does not  correspond t o  8 

possible mode of osc i l la t ion   in  the combustor. Some sensitive elements can be de- 
sensitized. For exmiph, a fuel-injection nozzle that can be influenced by pressure 
pulses could be desensitized by incieasing  the  pressure drop across the injector. 
A fuel-& mixture could be desensitized by the  selection of either 8. new fuel or a 
fuel  additive that would cause a diminished  response of the ccmibustion process to  
disturbances i n  pressure- a d  temperature. 

The Future f o r  Conibustion Oscfllation 

-re is an ever-@&ng group of workers  who believe that combustor o s c i l l a -  
t ion has evidenced such impressive advantages that a far ,mre  pmfitahle course t o  
follow would be t o  study the control and use rather than the elimination of oscil- 
lation. bkasurements indicate that a work cycle over and above the steady-state work 
cycle i s  involved i n  the osd l l a to ry  motion; therefore, there i s  cleaxly a large 
quantity of energy added t o  the gas i n  paxt i n  the farm of addit ional  ndxing. C m -  
bustors designed t o  operate at low over-all fuel-&  ratios have been shown t o  per- 
form best i f  the combustion occurs i n  mixLures near staichiametrlc a t h  the cambue- 
t ion products  subsequently diluted with the d n d e r  of the 8Lr. The screech cycle 
might well be used t o  expedite this mixLng. It i s  not clear h m  much of this extra 
energy i s  directly available for producing thrust. 

References 6 and l.3 show that i n  the case of screech the meadmum pressure ampi- 
tude i n  a transverse  oscillation occurred i n  E very short region  relative  to  the 
over-dl length of the combustor. If the burner were strengthened only i n  this 
regLon t o  a l l o w  for continuous operation  wlthout shell failure, the  increased cam- 
bustion  efficiencies accompanying screech slight be retdned without a prohibitive 
weight penalty. 

In  recent  years,  the pulse jet has not been consi&red a high-priority pm- 
pulsive unit. Consequently, propulsive units employing i n " b t e n t  cambustion have 
not been the subject of intensive  investigation.  In v i e w  of the multiplicity of 
possible modes of osc i l la t ion   in  cavities of various shspes, it might be concluded 
that  some high-frequency cauibustor oscil lation exLsts that  offers advantages  over 
and above those of the pulse jet or the ram jet.  Oscillations i n  combustors have 
appewed i n  many forms since  the advent of jet propulsion. It muld seem a safe 
guess that s t i l l  more and different appearances l i e  ahead. A great deal of work  
on molnentum and mass transport, combustion, and allied subjects i n  a nonsteady, mu- 
homogeneous flow fleld i s  needed before the  current and future   osci l la t ions  in  cam- 
bustars can be intell igently handled. 
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'Pype of oscillation 

Resonance : 

Au. modes 

I.€)ngLtuairl€a 

Radial 

B-ansveme 

Helmholtz 

Wdulated fuel-alr ra t io  

V ~ i c e s  shed fmm 
upstream obstruction 

Flrsw separation modulation 

Relaxation osci.U.ation 

Detonation i n  bow 

Control possibilities 

Use of a fuel whose &ng rate is  not re- 
sponsive t o  pressure and velocity 
fluctuatione 

Absorption by tuned resonam 
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Figure VIII-5. - Comparison of meaaured  time-varying flow through flame 
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Figure VIII-6. - Blcw-off llmits for I-inch-diameter ram-jet engFne 
(unpublished NACA data). 
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incresees clcckwise; frequenoy, 329 cps; velocity,  1.378 feet per Beccl fuel-air 
ratio; 0.080 (ref. 5). 
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By Rose L. schalla and  Robert R. Hibbmd 

There has been no consistent usage of the t e r n  smoke, s o o t ,  carbon,  carbon 
deposits, or coke i n  referring t o  the solid  products arising from the incomplete .> 
c d u s t i o n  of hydrocarbon fuels. In   s tudies  of single codmators and engines , the  ' 
solids discharged wlth the exhaust gases  are u s u a l l y  called smoke, and those de- 
posited  in  the codoustion chamber are usually called carbon,  carbon deposits, or 
coke. Since the  so-called carbon and carbon  deposits are not  chemically pure, the  
word w b o n  is  restr ic ted  herein  to  the pure element. Therefore, i n  connection w i t h  
the bench-scale  experfments in this chapter, smoke is defined as the  solid product 
sometimes formed in   the  gas  phase during the  incomplete  combustion of hydrocarbon 
fuels, and coke %signates the solid  product formed i n  the liquid phase from the 
thermal breakdam-+  incomplete oxidation of hydrocarbons. This  dist inction between 
coke and smoke is not as eas i ly  made i n  combustor studies, especially in  regard t o  
coke. The deposits that adhere t o  cDmbustor w a l l s  appear to   cons is t  of carbonaceous 
materials f o m d  in both gas and liqufd phase.  Therefore, for  conibutor work, smoke 
is defined as the  solid  discharged  with the exhaust gases and coke as the material 
that adheres t o   t h e  combustor w a l l s .  

Deposition of coke and formation of smke are both  undesirable i n  the operation 
of turbojet  combustors. Of the two factors ,  coke deposition  presents  the more aer- 
io- problegl because of i t s  adverse effect on cambustor performance  and life. Ex- 
cessive smoke has np ef fec t  on the engine but does of fe r  a military t a c t i c a l  problem, 
i n  that the prese&e of  a smoke trail facilitates &craft detect ion  in  combat. 
Under very severe:Eon&itions , smoke  may hanper landing-f ie ld  operations or become a 
nuisance to civil ians.  The loss i n  fuel heating value attributable t o  smoke and 

L coke is unimportant, even under the worst conditions. For e x a q d e ,   t h e   h e a h s t  
coke deposits foimd in  s ingle  conibustor tests i n   r e f e r e n c e   l a m ~ u n t e d t o  only 26.7 
grams for 1240 pounds af fuel ,  or a loss  of conibustion efficiency of 0.004 percent 
due t o  coke deposits. Similar calculations have not  been made for  the l o s s  due t o  
smoke, but reference 2 concludes that there  is no loss i n  conibustion efficiency 
a t t r ibu tab le   to  smoke. 

In  continuous-ccmbustion  engines, the  tendency t o  form coke or smoke varies 
more among petroleum-derived fuels than does my  o ther  conibustion property  except 
volat i l i ty .  There is very l i t t l e  difference  in  the fundamental flame velocity, 
minimm ignition energy, flammability limits, quenching dlstance, flante temperature, 
or heat of conbustion for various batches of fuel supplied mder a single speciff- 
cation  or even f o r  fuels meeting different  specifications.  However, wide differ-  
ences may occur i n  the coking and smokfng tendencies, ea w e l l  a8 the   vo la t i l i ty ,  of 
Jet   fuels .  

In  addition to coke and smoke consi$erations, the effect of fuel composition 
on flame radiation may also be important. Carbon is the only sol id  that can be 
formed i n  the combustion of hydrocarbons; and this so l id  can,  under some burning 
conditions,   greatly  affect   the amount of radiation emitted by a flm. Radiative 
heat  transfer is an  important  consideration i n  engine  design and, along with  coking 
and smoking tendencies, becomes increasingly  important  wfth  high-compression  engines. 

The control of coke and smoke and of heatLtransfer fadors in   tu rboje t  engines 
has been accoqlished  by  proper ccanbustor design and by the cazrtfol of c & c b  fuel 
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properties. However, i n   t h i s   f i e l d  of conibustion research, a f rui t ful   laboratory 
study of fmdamntal   factors  mag yield  an  maerstanding that would f a c i l i t a t e  engine 
design. Many investigations have been  conducted an both  the.fue1 and the flane en- 
vironmental factors   contr ibut ing  to  smoke and coke. The greater part o f  t h i s  work 
has dealt with burning in the gas  phase and therefore  with  the  formation of smoke. 
From such work, the  fuel   factors   affect ing smoking tendency have been f a i r l y  w e l l  
def ined.   Relat ively  l i t t le  has been done ou a hboratory scale re&ding coke for*- 
t i o n  because of the diff icul t ies   in   s imulat ing  the engine  conditions i n  which l iquid 
fuel impinges on hot  metal in the  presence of flame and f l awing  gases. Thi8 chapter 
summarizes the laboratory  phases of smoke and coke formation and describes the prop- 
e r t i e s  of these materials, the  effect  of variables on the forma€ion of smoke and 
coke,  and the chemical  mechanism  proposed for the i r  formation. 

Smoke 

Luminous hydrocmbon flames, d i s t inc t  from so-called nonluminoue ones, emit a 
yellow radiation which has a black-body  energy-wavelength distribution.  This black- 
body distribution can  be emLtted on& by solids. The only  possible solid products 
from hydrocarbon cornbustion are ei ther  caxbon or mateTialB containlng very high per- 
centages of carbon. The presence of auch materiala i n  luminous flames is  confirmed 
by  the  deposits forma on a cold probe  passed  through euch-a flame. Under some con- 
ditions,  the  solids  are  releaeed  from-luminous  flames as smoke. 

These materials are formed during  the  combytion of hydrocarbons only when the 
system is  fuel-rich,   ei ther  over-all  or locally.  Therefore,  the most familiar types 
of solid-forming combustion processes  are the candle or wick-lamp diffusion flames, 
where fuel alone is released  locally and burns after d i f f u s i v e  mixing with oxygen. 
These hydracarbon diffueion flames are always luminous at atmospheric  pressure and 
are often smoky. Premixed fuel-oxidant  systems, such as the Bunsen burner, are not 
luminous unless they are operated  fuel-rich  over-all. Far example, in  reference 3 
premixed benzene-air flames were found t o  be luminoue only when the equivalence r a t i o  
exceeded 1.4 and t o  be smoky only a t  higher  ratios. 

The smoke released  during smoky combustion i s  .not  pure carbon but hse been shcrwn 
by chemical ana l   i e  t o  be a corabimtfon of carbon, hydrogen, and "en. A typical  
analysis  (ref.  3$shaws 96.2 percent  cmbon and 0.8 percent hydrogen, with the re- 
mainder bel ieved  to  be oxygen. Similar results have been  obtained in the  analysis 
of carbon bl&, which are the products of mnoky combmtion in diffusion flames. 

Hydrocerrbon-derived smoke i s  crystall ine on a submicroscopic scale. X-ray dif  - 
fraction  etudfes ehar the  basic element t o  be a cry-atallite w i t h  a major edge length 
of about 20 angstroms (ref .  4) .  The atomic structure  consists of several layers Or 
distorted hexagonal Lattices, with the la t t ice   subs tan t ia l ly  the same as that found 
in  the  graphite form of-.carbon, The .distortion is  believed t o  be due to  the presence 
of about 1 atom of hydrogen for  every  10 atoms of carbon, and the preceding  elemental 
analysis has approxiprate-ly t h i s  hydrogen-to-carbon ." .. . atom ra t io .  

- -  . ." . . . . "" " . " -. 

When the s&me smoke vas examined by  electron microscopy (ref. 3), these crye- 
tallites were shown to be lomerated into  nearly  spherical   particles of 0.01 t o  
1.0 micron (100 t o  10,OOO ydiarneter . These spheres, produced i n  a burner under a 
single set of conditions, w e r e  qyite uniform i n  diameter and clung  together t o  form 
an open, lace-like  structure. 

Although the  turbojet  combustor operates  with an over-all  fuel-lean mixture, a 
large amount of the  burning  reaction  takes  place in local ly  fwl-ridh regions. 
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These regions are present because all the fue l   en te rs  the upstream end of the  com- 
bustor, whereas the air-entry hole6 are distributed dong the  fu l l  length of the  
combustor. Flame i n  the r i c h  upstream end is highly luminous under many operating 
conditions , and the environment i n  this reglon  should be conducive to the formation 
of large amounts of smoke. Since  only smal l  emomts of smoke, if any, are exhausted 
from most turbo jet engines, it appears t h a t  much of the smoke probably produced i n  
the upstream end of the combustor i s  consumed i n  passage through the  burner. 

I n  reference 3, the capacity of laboratory flames in the  burning of smke was 
studied, and a stre& of smoke, f reshly produced by a diffusion flame, w e s  easily 
burned  by a secondary Bunsen: flame. H i g h  concentrations of smoke can be consumed 
i n   t h i s  manner. This is apparently confirmed by  electron  micropaphe of turbojet  
combustion smoke, i n  which the particles  look like p a r t i a l l y  eroded spheres (ref. 3). 
Their appearance suggests that   spherical  smoke par t ic les  axe generated i n   t h e  engine 
pr-y zone and that these  particles  are  largely burned away i n  paesing through 
the engine. 

Coke 

The coke found i n  turbojet  combuators vsrries i n  nature from soft ,   f luffy=- 
terial t o  hard, br i t t le  deposits. k i c a l  aaalyses of these types (ref. 5) show the  
sof t  coke t o  contain 80.0 percent carbon  and 2.0 percent hydrogen, and the  hard coke 
t o  contain 92.4 and 1.6 percent of carbon  and hydrogen, respectively. The remainder 
is believed to be mostly oxygen and a amaU amount of sulfur.  U n p u b l i e h e d  EACA data 
show that the sulfur content of conibustor cokes varies v i t h  the s u l f u r  content of 
the fuel. For example, coke-deposition tests were run on a fuel containing 0.05 
percent sulfur  and on the same fuel to which alkyl disulfides w e r e  added t o  raise 
the s u l f u r  content  to 1.00 percent. The amount of coke farmed w a s  substantially 
the same for both fuels, but the sulfur  contents of the cokes were 0.7 and 2.4 per- 
cent,  respectively. Unpublished W A  data also ahaw that c&uator cokes contain 
25 to 50 percent of material that is soluble   in  carbon disulfide. This soluble ma- 
terial contains aromatic rings and a considerable amount of carbonyl oxygen, as in- 
dicated by infrared examination of the   extract .  

X-ray diffraction  studies  indicate that combustor coke has some of the crptal- 
line character descrfbed for smoke. Electron microscopy (ref. 5) indicstee that the 
s o f t  coke consists of nearly  spherical   particles Inbedded i n   a n  amrrphous matrix. 
However, the hard coke is a vitreous material with no perceptible  microstructure. 

Soft combustor coke may be made up of a large amount of true smoke formed i n  
the gas  phase snd bound to the combustor by tars forrued during the liquid-phase 
pyrolysis of fuels. Ehrd c&ustor coke-  may be largely  the  product of the  l iquld- 
phase  degradation of fuel but may contain s m  smoke trapped i n   t h i s  product. Pos- 
sible mechanism of coke formation are discussed fn  subsequent pol-t;ion of this 
chapter. 

EFFECT OF VARIABLES CN SMOlUNG TENDENCY 

Burner Geometry 

Diffusion flames. - The two principal  types of apparatus  used t o  study  the 
smoking tendency of diffusion flames are the wick 7amT, and the conical  or open-cup 
burner. Gf these two methods, the wick lamp has been used mre extensively;-how- 
ever, the exact design o f . t h l s  lamp has varied  appreciably from one investigation 
t o  another. The Davis  factor lamp w a s  one of the earliest wick lamps to be  developed 
(1926). This lamp was later modFfied (ref .  6 )  and used f o r  smoking-point determi- 
nations as recently a s  1952 (ref .  7). I n  1935 a test lamp (ref. 8 )  wa6 standardized 
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by  the  Insti tute of Petroleum  Tecbnolpgists (I.P.T..) and has been employed by sev- 
eral investigators (rsfs, 9 and 10).  This I.P.T. lamp is used in   the  current  U.9. 
military fuel procurement specifications and is now being  cooperatively teste& by 
the American Society  for.  Testing Materials. The fairly simple l a q  shown in  f fgure 
IX-1 is a combination of.. the Davis apparatus and . the I.P.T. laup (used i n   r e f .  11). 
A comparison of the data obtained  with  the  v&ioG wick l.m@s &rid accessory  equip- 
ment indicates that smoldng tendencies depend on the geometry of the  apparatue and 
tha t  no simple comparison can be made between smoke-point data  obtained  with  dif- 
ferent lamps. 

" . 

" 

.. . ." 

The conical or open-cup lamp i s   o f t en   r e fe r r ed   t o  as the  wickless lamp, since 
the flame  burns direct ly  from the  top of a pool of l iqu id   fue l  contained i n  a shal- 
low funnel or cup-shaped vessel. Development of the  wickless  burner is described 
in  reference I 2  and similar burners have been wed far investigatione  reported  in 
references 13 and 14. 

8' 

. "" 
The main advantage of the w i c k l e s s  Lamp is that it can be wed for the compar- 

ison of lese smoky. fuels,nsince flame heights up t o  450 m i l l W t e r e  may be measurea; 
whereas, the Davis wick lmrp is  l M t e d  t o  102, and the 3;P.T. lamp t o  about 50 
millimeters. A oorqarison of the I.P.T. lamp and the wickless lamp (ref .  10) shows 
that   the  smoking points of various fuels measured by the two methods gave a f a i r  
correlation,  but the correlation app&red logaFithmic rather than linear. Refer- 
ence 10 reparts that the wickless lamp i s  much m r e   d i f f i c u l t   t o  operate than the 
I.P.T. lamp and reconmends that it be used only when the range of the  I.P.T. lamp 
is exceeded. " . 

. ." 
." . 

.I 

With a l l  types of diffusion b-rs, the flame is enclosed  by a glaes tube that 
' acts   as  a chimney and keeps the flame erect ana itable. The size and pas i t imiof  

t h i s  chimney greatly  influence  the smoking point of the flaane. 

The general procedure i n  using any of these fs t o  increase the fuel flow 
until the flame just  begins t o  smoke.  The,  smoke point may be detected  visually,  or 
an  ice-cooled  porcelain  surface m ~ t y  be placed above the flame to   co l l ec t  and indf- 
cate the  presence of smoke. A measure of the sibkinis8 of the fuel may be made i n  
several ways. The technique  usually employed i S  t o  measure the maximum height   to  
which the flame w i l l  burn without smoking; however, i n  two investigations  (refs. 3 
and lo), measurements were made of the maximum r a t e   a t  which fuel can  be  burned 
without smoking. A comparison of the two techniques  .(ref. 10) indlcates that the 
maximum burning ra te  is readily  obtained and is  mre reproducible .than  the smoke- 
height test. It also  Pepresents more closely  the  information  desired by t h e   t e s t ,  
namely, the relative amaunt of fuel that can be burned under standardized  conditione 
before  make beccmes a problem. only uhen illumination La. conc-emed does the  helght 
of the flame become a significant fattor.. The smoke-height test, however, i e  eome- 
what more convenient t o  use and therefore has been  adopted i n  the A.B.T.M. pro- 
cedure. Another method (ref.  W) is t o  pass a l igh t  beam through the chimney i n  
w h i c h  the  smoke is  issuing from the flame. A photoelectric  cell   indicates  the amount L 

of light absorbed and, consequently, a measure of . the  smokiness of the fuel. Also, 
the emke issuing from various aromatic fueh burnlng a t  a given fuel flow has been 
collected and weighed (ref. 14). The greater the amount of emke  collected,  the 
higher the smoking tandency of- the fuel. 

" 

. .  . 

"" 

- ." 

I _I ._ "" - - 
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Aa previously  stated,  the smoke point is generally determined  by mewwing the 
m a x i m  height or maximum .fuel ra te  at which the flame w i l l  burn without smoking. 
The hRgher the flame or the @-eater the f uel-flaw rate, the' lwer the  tendency f o r  
that fuel to smoke. Conseqqently, the smoking tendency is an  inverie  function of 
the flame height or fuel ' flow, Reference 15 def_lnes- smoking- tep_de_ncy a8 equal 
t o  a constant k over the maximum flame height h ( i n  millimeters) and .&ai& 6 e  
value of 320 to k: c 

r 

.. . - - . -. . - - 
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The value of k is unimportant i n  the following  discussion, but the  dlstfnction 
between maximum flame height and the concept c@ smoking tendency ehoula be  noted. 

Bunsen f-s. - The smoking tendencies of Bunsen flames are  reported in ref- 
erences 3, 13, and 16. In  reference 16 a continuous-flaw apparatus w a s  uses in  
which steady  streams of both  volatile and nonvolatile fuels could be mixed with 
air  either as vapors ar as m i s t  droplets,  according to their  vapor pressures. The 
fuel-air mixture w a s  passed ug a vertical  tube after  generation and burned on top 
i n   p r h a r y  a i r  only. The conposition of the mixture w a s  determined  by analyzing 
the exhaust  gases. 

In   the investigattions  reported in references 3 and 13 the fuel  w a s  metered from 
a burette and  mixed with metered air. The premixed fuel and air  were then burned 
f r o m  a tube surrounded by a g l a s s  tube chimney.  The effect of varflng  the  burner- 
tube  inside W t e r  from 6 to 9 mi.Uitmters w a s  investigated  in  reference 3 , and 
showed that the smoking tendency w a s  slig%tlp reduced as the burner-tube diameter 
was decreased. The influence of chimney length, d f m t e r ,  and positfon  with  respect 
t o   t he  flame was also reported i n  reference 3. Increasing the chlmney length from 
120 to 500 millimeters caused a reduction i n  smking tendency. C h a n g e s  in   the diam- 
eter and position of the chimney  gave varied results , depending on the convectfon i n  
the chimney. In  general, all chimney v a r i a b l e s  that reduced smoke formation did so 
by generating a f lue effect which tended to flow m e  air around the flame. If the 
burner tube was ducted so that a controlled  secondarg-air flow could be passed by 
the .flame, the smolring tendency was reduced as the  secondary-air flow w a s  increased. 

Fuel-Air Ratio 

Diffusion flames. - The effect  of over-all f u e l 4  ratio on the smoking knd-  
ency of laminax diffusion flames has been investig&ed  by two different techniques. 
In  reference 14, the air  supply  past the flarPe w a s  maintained constant and the smoke 
iseuiug from the flame was collected k t  various  Increasing  fuel flows. A plot of 
the smoke deposit  against the fuel-air   ra t io  is s h m  in  f igure IX-2. Since the air 
flaw w a s  constant,  the  ordinate is essentially a measure of the fuel flow. As sham 
in  this  f igure , the initial. increase in fue l  flaw produces a 6- increase i n  the 
amount  of smoke collected. AB higher fue l  flows are reached, the amouat of smoke 
produced appears t o  level off - 

In  another  controlled-air  study  with  diffusion flames (ref. 3), the air-flow 
rate past  the flame w a s  increased  by gradual k t e p s ,  and a determination w a s  =de of 
the maximum rate a t  which the fuel could be burned withoub smoking at each  given 
a i r  flow. In figure Ix-3, the msxirmrm fuel rate for smoke-free burning Fe plotted 
against the air-flow rate for  eight pure hydrocarbon fl~ls. With initld idreases 
i n  air flow, the maximum smoke-free fuel flow Fncreases proportionally, but eventually 
a limiting fuel flow is reached at  which further  increases  in air flaw past the flame 
do not  permit more fuel t o  burn smoke-free. 

Bunsen flames. - The  effect of fuel-air r a t io  on emake formation from Bunsen 
flames I s  reported i n  reference 13. A measure of the smoke density of the fuel was 
made by  passing a l ight  beam through the chimney i n  which the smoke nas issuing from 
the flame. A photoelectric  cell  indicated  the amount of light absorbed as a meas- 
ure of the smoke formation. In this burner,  the  paraffins,  cycloparaffins, and 
olefins,  with  the  exception of trffsobutylene , could  not be made to smoke even a t  
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the maximum fuel-air r-atio that would suBport combustion. Figure Ix-4 shows the 
Pariation of smoke (percent  light  absorbed1 a&.diiit-S-Tfuel-air r a t i o   f o r  keTosene 
and aromatic atld dicyclic compounde. The air flow premixed with  the  fuel was held 
constant a t  4.M.1 liters per minute, and the   fue l  flow w a s  increased t o  glve  the 
fuel-air ratios  indicated.  The aromatic and dicyclic compound8 began t o   s m k e   a t  
approximately  stoichiometric fuel-air ra t ios .  Within  experimental  error, smoke for- 
matlon f r o m  a Bunsen flame  appears to  be a linear function of %e fuel-air   ra t io .  

Temperature 

Diffusion flames. - An investigation  (ref.  9)  of the  effect  of ambient  temper- 
ature on the smoke pofnt of five fuels burning  as  diffusion flames a t   t h r e e  temper- 
atures (Oo, 70°, and 900 PI) showed the smoke point   to  be independent of tenrperature 
i n   t h e  range between 00 and 900 F. Nor did the  preheating of gases  burning as dif-  
fusion flames t o  375' F change the s-&king tendency (ref. 3). 

Bunsen flames. - In  references 3 and 16 the effect  of temperature on the smoking 
tendency of Bunsen f l a m s ' w a a  studied. The fue l -a i r   ra t io  at which incandescent 
carbon was first observed, and a l s o  the  -1-air r a t i o  at which smoke actually issued 
from the flsme were determined (ref.  3). Over a hnPer8ttji-e rsnge of 8Z0 to 842O F, 
the point at which smoke issued from a premixed benzene  flame WELS independent of 
temperature. However, the first appearance of ;yellov incandesced carbon in   the  
flame occurred a t  slightly  higher fuel-air r a t i o s  as the temperature was increased 
over t h i s  range. 

c . 

" . ..  

In  reference 16, only the appearance  of. yellow incandescent carbon i n  the f l a m  . .. -- 

w a s  used to measure the  effect  of tmerature on propane,  propene,  benzene, and 
kerosene flames. Over a temperature  range of -46' t o  925O F, incandescent  carbon 
i n  the flame  appeared at s l i g h t l y   h i a e r  fuel-air ra t ios  as the  temperature was 
increased. 

" 

. .... 

Pre s sure 

Diffusion flames. - Studies of the effect  of preseure on smoke formation from - 

diffusion f l a w s  are reported in references 3, 9, and 17. The investigation of ref- 
erence 17 was limited  to  acetylene; and tha t  of rkference 9 t o  petroleum fractions.  
The work of both  reference 9 and 17 was conducted at pressures below atmospheric; 
and i n  both  investigations,  the tendency t o  smoke decreased w i t h  decreasing  pressure. 
I n  reference 3 are reported sxmkixq tendencies for six pure  hydrocarbons, a 3p-4 
fuel, and two blends o f  E-octane and toluene over a.preas*e  raMe-of  about 0.5 t o  
4 atmospheres. For two of the pure hydrocarbons,  1-octene and 2-octane, the pres- 
sure  range was extended t o  9 and 12 atmospheres, respectively. Ethane and ethene 
were studied over  a pressure  range of 4 t o  22 atmosgheree. The maximum re lat ive 
rate at which a l l  fue ls  could  be burned without sllaoking decreased  consistently  with - T.- 

increasing  pressure. Typical resu l t s  are shown in   f igure  "5. The data in   refer-  
ence 3 show that the  product of the.,smoke-free fuel flow and the  pressure is a con- 
stant,   or,  in other words, that the smoke-free .fuel. f l o w .  i s  inversely  proportional 
t o  the pressure. Bfnce EUffusioa coefficients  are a l so  inversely  proportional  to 
the pressure, it was concludedthat  the rate of diffusion and, consequently, the * 
rate of mixing of f u e l  and air may account f o r  the variat ion  in  smoke formation  with 
presswe. 

.. - ." 

Bunsen flames. - I n  a spectroscopic study of 8 premixed ethene flame (ref .  18), 
it w a s  observed that smoke st8xted t o  f o r m  as the pressure vas increased. In  ref- 
erence 19 (p. 170), the  formstion of smoke from an  acetylene-oxygen flame a t  various 
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pressures waa studied, and it was concluded tha t  the effect of pressure on smoke 
formation  from Bunsen flsmes is  probably slight. The effects that reference 18 ob- 
served were a t t r i bu ted   t o  changes i n  experimental parameters such as flaw and 

r the  influence of the burner wall. Since the results of the  Wfusion-flame  study 

the decreases in  diffusion  coefficients  with  pressure,  the m k e  formation from a 
Bunsen flame, w h i c h  contains all i t s  oxygen, should be independent of pressure if 
outs ide  Wfusion  effects  are e m t e a .  

(ref.  3) indicate that the  increase  in  smoke formation w i t h  pressure resats from 

or w 
(D 
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EPFECT CIF FUEL VARIABLES ON SMOKING TENDENCY 

Wfect of Hydrocaxbon  Type on DFefusion Flames 

One of t h e   f i r s t  studies to   ind ica te  the Importance of fuel type on smoke forma- 
t i o n  is reparted i n  reference 20. The influence of fuel type on smoke has been more 
extensively  investigated, and data hElve been r e p o r k d  for pure liqrrid hydrocarbons 
(refs. 3, 7, 12, 14, and 15) and pure gaseous hydrodarbons (ref. 3). Since each in- 
vestigator employed a dlfferent  apparatus, no absolute or standardized values are 
available; however, certain  consistent trenda have become apparent. For the  pure 
hydrocarbon compounds, the smoking tendency among the  four major homologous series 
varies as fCdhWf3 : aromatics > allrynes > monoolefins > E-paraff ins. 

The magnitude of the  var ia t ions  in  smoking tendency among the aromatic, olefin,  
and paraffin series is illustrated in  the  following table: 

F Reference Ratio of smoking tendency 

Aromatic Aromatic t o  Olefin t o  
t o  O l e f F n  paraff in  paraff in  

6.2 

23.7 1.51 15.7 
31.8 2.34 13.6 
16.2 2.61 

The smoking tendency of the average  aromatic is reported t o  be From 6.2 t o  15.7 
times greater than  for the olefins,  and 16.2 t o  31.8 times greater than f o r  the  
paraffins. The smoking tendency of the olefins is about twice that of the paraffins. 
The lack of quantitative egreement becomea r&ly apparent from examining the  values 
i n  the table.  The variations  within  the  aromatic, alkyne, olefin,  and paraffin 
series are discussed i n  the following paragraphs. 

c 

Aromatics. - As the preceding table indicates,   the aromatic compouuds have the 
greatest sntoking tendency of the parioua classes of fuels. With benzene as a refer- 
ence, the smoking tendency  generally  increasea w i t h  the addition of a side chain of 
one or two carbon atoms ; but with a suff ic ient ly  long side chain,  the smoking tend- 
ency fs reduced. The total range of flame height8 mng the aromatic compounds, 
however, is very mall. For example, most investigators  report  the smoke-point 
flame height of benzepe t o  be between 5 and 10 millimeters. The aromatics of higher 
smoking tendency have flame heights  ranging dam to about 3 millimeters; and those 
of lesser  smoking tendency, ug t o  1 2  m i 7 f s .  The t o t a l  range of 3 t o  12 
meters is not very great compared with  an  average  paraffin  such as hexane with a 

uring flmnee as small as 3 t o  12 millimeters i a  very  large.  Since  the  aromatics 
have an  essentially uniform smoke point, it is difficult t o  make a sat isfactory dif- 
ferent ia t ion amow t h e  various aromatic  structures. 

. 
.. flame height of 150 millimeters. The experimental error, percentagewise, i n  meas- 
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Hunt ( ref .  7) attempted t o  overcome this d i f f icu l ty  by  studying  blends  contain- 
ing 20 percent of various  aromatics i n  pdodecane.  This  procedure  increased  the 
f hue height of the benzene blend t o  66 millimeters. Blends of about 30 other azo- 
matic and naphthalene aomp-s were s tudied   in   th i s  manner; flame heights ranged 
from 36 t o  81 millimeters.  Differences  in  smoke.hei@ts were thiis ma@;nifiea suff i -  
c i e n t l y   t o  eliminate most experimental  errors and permit a.aelf'in3te dis t inct ion t o  
be ma& i n  smoke points among various  aromatic-st-rmtures.  In  figure IX-6, the 
var ia t ions  in  flame heights for 20 percent  blends 6f-m- 6i%nhtic  compounds are 
plotted  against  the  nmber of carbon atoms i n  the compound. Figure IX-6 eqhaeizee 
that   subat i tut ion on the  benzene ring may cause an increase or &crease  in  the smoke 
point,  depending on the  nature of the substi tuted grq. Naphthalene and aubstituted 
naphthalene compounds definitely  exhibit  a greater tendency t o  smoke than  the 
aromatics. 

Alkynes. - Smoke-point data for  the  alkynes are limited. Reference 3 reports 
the  smoking tendency for  acetylene, 1-propyne, 1-pentyne,  ana 1 - h e m e .  l'he smok- 
ing  tendenciea  decreased  slightly  with  increasing  chain  length and were of about 
the same order &magnitude as for   the  aromatics. Comparison of 1-octyne and 1- 
dodecyne (ref .  7) showed a decrease i n  smoking tendencywith  increasing  chain  length; 
however, the smoking tendency for  these two alkynes w a s  appreciably less than for 
the  aromatics. 

Momolefins. - All the  investigators have reported the monoolefins t o  be  appre- 
ciably less smoky than  the  aromatics  but of higher.sngking tendency than the E- 
paraffins. From the data of reference 3, the smoklng tendency is  reported t o  in- 
crease from  ethene t o  butene.  References 3, 12, and. 15 indicate that , with o le f ins  
of f i v e  or more carbon atoms,. the smoking tendency  decreases with increasing  chain 
length. Data from reference 7 indicate that the s&kin@; tendency.ie  essentially.  
constant for a l l  the alef ins  above f ive carbon atoms. The effect of the  position 
of the double bond, i n   t he  one and two posit ion only, is reported  by  reference 7 
where 2-heptene is shown t o  have a slightly  higher smoking tendency than 1-heptene; 
however, the  difference is  less than 6 percent. 1-Octene and 2-octene showed the 
s&me smoking tendency (ref .  7) .  

Diolefins. - Diolefins  (refs. 3 and 15) haw apprec-bly higher smoklng tend- 
encies  than the monoolefins. The smoking tendency of lJ3-butadiene i s  higher  than 
moat aromatics  (ref. 3). As the  chain is  lengthened, the smoking tendency decreaes. 

C loolefins - Cyclohexene has a somewhat higher smoking tenikncg t h a n  1- 
h e x e n m ' C y c l o p e n t e n e  , however, has an  appreciably higher smoking tendency 
than cyclohexene or  1-pentene, and forms almost as much smoke as the  axomatics. 

Paraffins. - The 2-paraffins are  consistently  reported  to have a lower smoking 
tendency  than any of the other hornlogous series. The smoking tendency  increases 
with  increasing  chain  length. From ethane t o  hexane, the increase  In smoking tend- 
ency is over 100 percent (ref. 3); while , for compounds of 6 t o  15 carbon  atoms, 
the  increase i s  generally about 10 percent. 

If the paraffin chain is branched, the smoking tendency  increases markedly. 
In f a c t ,  a highly branched coqound such as isooctane (ZJ2,4-trlmethylpentane) has 
a higher smoking tendency than a monoolefin of carresponding number of' carbon atoms . 2,2-Dimethylpropane haa a emoking tendency  almbst as great  a8  1-pentene 

points for several  isomeric  paraffins  are  lotted and coarpared 
E-paraffins and 2-olefins Fn figure IX-7 ?ref. 7 1,. 

Cycloparaffins. - Cycloparaffins  produce more smoke than the pparaff ins;  the 
smoking tendency  decreesea  with  increasing  ring  size from th ree   t o  six caxbon atom 
( ref .  3) .  The addition of a short side  chain to  the  ring  increases  the smoking 
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tendency; but, as the  length of the side chain is increased,  the smoking tendency is 
reduced slightly. Cyclapentane w i t h  a side chain of 10 carbon atoms (decylcyclo- 
pentane) has &out the sarne smoking tendency as cyclopentane (ref. 7). 

Summary. - The smoking tendency decreases as follows: aromatics > alkynes > 
olefins > G-paraff ins : 

(I) A l l  the aromatics have a fairly uniform and extremely high smoking tend- 
ency. From an average of three investigations,  the  aromatics axe about 12 times as 
smw as the  olefins and about 24 times as smoky as the ~-paxaf’fins. 

(2) The alkynes l ie between the aromatics and the  mnoolefins,  with  the emk- 
in@; tendency  decreaaing with increasing  chain length. 

(3) The smoking tendency of the monoolefins increases from ethene to butene 
and then  decreases  with  increasing  chain  length. The oleflns are about l/rz as 
smoky as the aromatics, but about twice as smoky as the E-paraffins. Branching, 
r ing formation, and additional do&le bonds increask -&e smoking tendency. 

(4) The :-paraffins have a lower smoking tendency than any of the other homol- 
ogous series. The smking tendency increases with increasing  chain  length, branch- 
ing, and ring formation. 

Hydrocarbon blends and refinery  streams, - The smoke point8 of two  component 
blends of pure hy&-ocarbons are  reported i n  references 7, 9, and 10. As an elcample 
of such bl&dlng- smoke-point data, figure Ix-8 shows the- smoke points  for 0 t o  lo0 
percent  blends of E-bubylbenzene and of a-methylnaphthalene in  n-dodecane (ref. 
7 ) .  Although the smoke points of the two pure  aromatics differ by  only 2 m i l l i -  
meters, the blending  cmves are dffferent. For -le, at R 20 percent  aromatic 
concentration,  the smoke point of the  E-butylbenzene  blend is about 74, whereas 
tht of the a-methylnaphthalene  blend is o n l y  37.  The  marked effect of the aromatic 
on the smoke point of parafPins is also apparent. For example, a 20 percent addi- 
t ion of the aromatic  reduces the flame height of g-dodecane by about 50 percent  or 
greater. When the  concentration of a-methylnaphthdeue is 50 percent,  the smle 
point of the blend is substantially that of the pure  aromatic. 

Smoking tendencies for  vaxious refinery  fractions  are  reported %n references 9 
to ll, 15 and 20. The early studies were used to e v a l u a t e  the  illumination  quality 
of kerosene-type fuels burning i n  lamps. The mafor in te res t   in  smoke-point data i n  
the last seve ra l  m s  has resulted from the demand for clean-burning j e t  fuels. 
The smoking points of 48 jet fuels and the  fuel-inspection data for these fuels are 
reported in  reference 9. Reference ll reports the flame-height smke point  for  Jet 
fuels t o  be about 15 to 30 millimeters, compared w i t h  6 ar 7 millimeters for aro- 
matics and 77 m i 1 7 t e r s   f o r  commercial isoheptane. 

Effect of Hydrocarbon Type on Bunsen Flames 

Measurements of variations  in smoke forn&ion of various hydrocarbons are re- 
ported i n  references 13 and 16. Since in  reference 13 the  paaffins,  cycloparaffins, 
and olefins could not  be made t o  smoke even at the maxfrmrm fuel-air ra t io  that would 
s q p o r t  combustion, these fuels appear t o  be less smoky than the aromtfes and other 
fuels shown in   f igme IX-4. In  general, the smoking tendency of the fuels sham fn 
figure M-4 are i n  the same relation t o  each other as i n  diffusion-flame studies. 
The aromatics show a f a i r l y  uniform smoking tendency, as was the  case  in  diffusion 
flames. 

‘ 
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Reference 16 reports  determination of the   c r i t i ca l   fue l -a i r   ra t io  that would 
just came a yellow streak of incandescent  carbon,to  appear i n  Bunsen flames of 
various hydrocarbon  and  oxygenated compounds. The a-wance of t h i s  yellow streak 
in   the  flame, of course, OCCUTS at  considerably lower fuel-air  ratios than the ac- 
tual emissicm of smoke. The results of reference 16 are sham in   f igure IX-9, 
where the   c r i t i ca l   a i r - fue l   r a t io  is plotted  against the nuniber of'  carbon at& i n  
the compound.  The higher  the  position of a fuel 011 this plot,  the  greater 4s i t s  
tendency t o  f o r m  an incandescent  streak of carbon. 

" , ." 
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The values for the aro~&ics,  instead of being decidedly worse than  the  other 
fuels ,  are similar t o   t h e  p a r e f  ins, .isogaraff ins, and olefins. The order of these 
last three series i s  the reverse of that observed i n  d i f fb ion   s tud ies .  The or-- 
of decalin  with  respect t o  the substituted  naphthalenes and the  aromatics  differs 
from the Bunsen work .of _reference 13 _(s-ee f i g .  -q--4&-- "%e- ve3.iation  with  respect 
t o   t h e   d a t a   i n  figure IX-4 nray be explained  by  the  fact that the   -6 j j i f ance  of yel- 
low incandescent carbon. i n  the fLame and not  the  emission of smoke  was measured in 
reference 16. It i s  probable that these  tu0  types of measuremente w o u l d  not be di- 
rectlyproportional.  If they are, however, the ef fec t  of f u e l  type on smoke forma- 
t ion  a s  measured by Bunsen and diffusion  flames appears appreciably  dif'ferent. 

kkthods of C a r r e l a t i n g  Smoking Tendency'with Eydrocarbon Structure in 

Diffusion FLames 

Several methods of predicting  or  explaining  the  variation of smoking tendency 
among different  fuel  types have been  proposed. An equatlon based on the oxygen re- 
quirements  of diffusion flames w a s  developed in  reference 15 to predict  the maximum 
smoke-free flame height h (the  constants  apply on ly  for  this particular  apparatus): 

h a  (x + 3>2 
36.1 x-y + 54.9 - 26.65 x2 

where 

x molecular volume of conibustion product6 . . . .- .- . . ._ . " . _. 

I "  . 

-._ 

y mlecuLar volume of oxygen - . . . -. . 

While this equation  predicts  qualitative trends amoug the vaxioue eerie6  quite ac- 
curately, it does not  predict  the magnitude by which one ser ies  difYers from another 
88 reported  experimentally. Some of the trends  within  the  aeries - f o r  example, the 
effect  of branching and ring formation - would not  be  predicted b.y the  equation. 
Modification of the equation t o  f i t  the  apparatus i n  use may be of some practical 
value far making qualitative comparison, but, with  respect t o  theory,  the  equation 
does not explain  the  effect af differences  in fuel ~ j p e  auch as branching. 

The relat ion between the tendency t o  smoke and the carbon-hydrogen ratio of 
the  compound i s  discussed i n  reference 12. It i s  indicated  that,,in.general, c a r  
pounds of high C-H r a t i o  show a higher smoking tendency than compourds of lar C-E 
ra t io .  Thie particulax  correlation, which gives good qualitative agreement, has 
been used in  predicting combustor coke deposition (ref. 21). Like  equation (1) , 
honever, it does not  explain  the  differences  resulting from such factors as  branch- 
ing and ring formation;  consequently, in  reference 1 2  the smokinese of the hydro- 
carbon  molecule i s  at t r ibuted t o  i t a  compactness. 

. 

b 
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References 3 and 22 suggest that smoking tendencies may be related to the 
relative  esse of. removal of hydrogen atom compared t o   t h e   s t a b i l i t y  of the carbon 
chain or skeleton of the molecule. A true measme of t h e   s t a b i l i t y  of the carbon 
skeleton is difficult to obtain but can be represented t o  some extent  by  the 
carbon-carbon bond strengths. A comparison of the stability as measured by bond 
strengths is shown i n  figure IX-10 and w e a r s  t o  give good qualitative agreement 
with the smoking tendencies. E all the  factors  contributing  to the stability of 
the carbon  chain  could  be evaluated and assessed, t h e   m e r n e u t  might be better. 

Effect of Nonhydrocarbon Components 

Diffusion flames. - Petroleum-derived fuels mag contain small quantities of 
organic su l fur ,  nitrogen, and oxygen  compounde. The amount of s u l f u r  per- 
mitted by  the  current  military fuel specifications is 0.2 percent for JP-1, 0.4 
percent  for JP-3 and JF-4, and 0.5 percent f o r  JP-5. Concentration limits for  ni- 
trogen and oxygen ere not specified but are not likaly to exceed 0.1 and 0.5 per- 
cent,  respectively. 

Smoke-point data for  some sulfur compounds axe reported i n  reference 7 ,  and 
for some nitrogen compounds, in  references 7 and 12. Both the  ~ l - s ~ e t i t u k d  
sulfur compounds (mercaptane and disulfides) and the al-kyl-substitutea nitrogen 
compounds (amines) have smoking tendencies somewhat higher than t h e i r  hydrocarbon 
analogs. The a r y l  mercaptans  and sulfides have smoldng tendencies  substantially 
the same, and the aryl amines appreciably lower than their parent hydrocarbons. 

A thorough  study of oxygen-containing compounds is reported in   reference 12. 
In general,  increasing the oxygen content results fn  decreasing smoking tendency. 
Compounds containing high percentages of oxygen, such as methyl acetate,  smoke only 
at very great flame heights. Methyl alcohol cannot be made t o  smoke at  all; and, 
a t  equal oxygen concentration,  the  general  order for increasing  tendency t o  smoke 
i s  pprimary  alcohols, ~-primwy nitroparaffins,  propionates, acetates, lactates, 
and formates. 

In  general ,  the concentrations of s u l f u r ,  nitrogen, and oxygen are so l ox   i n  
conventional hydrocarbon fuels that the presence of these impurities does not meas- 
urably  affect   the smoking tendency of the  fuel.  

Bunsen flames. - Aryl d u e s  and oxygenated compounds w e r e  investigated  in 
Bunsen flames in  reference 16. The results are shown i n  figure IX-9. The values 
fo r  the  aryl amfnes are not  appreciably  different from those of their  hydrocarbon 
analogs. The oxygenated coqounds show increasing air-fuel ratio  with  increasing 
number of carbon atoms in   t he  molecule, the alcohols requiring a higher &-fuel 
rat io   than aldehydes o r  ketones of a similar umber of carbon atoms. 

Eb?fect of Additives 

Diffusion flannes. - Reht ive ly  little information ia available ou the effect of 
additives on the Bmoking characterist ics of hydrocarbon flames. This effect may 
dif'fer between diffusion and Bunsen type flames. Additions of the  order of 5 per- 
cent of s u l f u r  tr ioxide are required  to  meaaurably reduce the smoking tendency of a 
diffusion flame (ref. 23), but as little as 0.1 percent of this gas w i l l  change a 
n o n l d n o u s  Bunsen fLame t o  a luminous one (ref. 19,  p. 173). However, the actions 
of sulfur dioxide and hydrogen sulfide we similar i n  b'oth type flames; and, with 
concentrations of the order of 5 percent,   sl ight  reductions  in smoking tendency of 
d m u s i o n  flames a~ decreases i n  the  luminosity  for Bunsen flames w e r e  observed 

. 
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A f e w  other  substances, such as n i t r i c  oxide, nitrogen  dioxide,  diethyl perox- 
ide, and te t rae thyl  lead, have been tested as additives but have produced no s t r i k -  
ing  effects  in  regard t o  smoke formation from diffusion flames (ref.  19, p. 173). 
In general, no additive is  knm which, when used i n  small concentrations, w i l l  meas- 
urably change the smoking tendencies of hydrocarbon diffuslon  flames. 

Bunsen flames. - In reference 16, which used the f i rs t  appearance af jncandee- 
.cent carbon i n  the flame aa  a measure of smoking tendency, no addi t ive was found 
that had  any significant  efTect on the fuelrair r a t i o   i n  concentrations under 1 per- 
cent by w e i g h t .  Addition in   quant i t ies  over 10 percent  by w e i g h t  may have an ap- 
preciable effect. Halogenated  coqmunds, sulfuric  acid, and s u l f u r  trioxide  increase 
the  f ract ion of s toichiomtr ic  air required  to  inId€dif carbon  formation;  nitrogen 
peroxide,  carbon monoxide, te t raethyl  lead, methyl alcohol, methylethyl  ketone, ana 
amyl ni t ra te  have the opposite  effect; s u l f u r  dioxide, carbon  dioxide, and water 
have no effect ;  carbon disulfide has no effect  on kerosene  flames but increase8 the 
fract ion of stoichiometric air required  in benzene flames. Sulfur &loxlde, though 
having no effect  on the  critical ai r - fue l   ra t io ,  appears t o  reduce the amount of 
carbon formed i n  f l -sof  rich mixtures. 

Smoke 

In  the  preceding  sections it was proposed that the relative ease of removal of 
hydrogen atoms from the molecule as compared with thebreaking of carbon bonds is 
responsible for the vexiations  in smoking among dFfferent f-1 t*s burning as af- 
fusion  flames. This  proposal  suggests t h a t  the  thermal and oxidative dehydrogenation 
processes, which occw very ear ly   in  the burning  process,  influence  the  further  course 
of smoke formation. The thermal  dehydrogedation  probably  occurs as soon as the fuel 
enters a laminar diffusion flame,  because the f , u s  i s  heated t o  temperatures of the 
order of 15W0 F or higher before coming in  contact  xith oxygen. Active  decomposition 
particles,  then,  further promote dehydrogenation  processes. 

Other investigators have considered  the fnrpartance of dehydrogenation reactiona 
and tend. t o  sqport this proposal. For example, the energy  requirement6 for removal 
of a hydrogen atom from an  acetylene molecule by a f ree  hydrogen'atom, 

were considered i n  reference 24. %is reactioq.gE-an  activation energy of only 5 
kilocalories .per mole, which indicates that it could  eaiiG.occiit-. Activation efGer- " 

gies for the  reaction of hydrogen atoms xith ve;rious other hydro&bon compounds  Xi+e 
of similar magnitude (ref. 25).  

It was observed in  reference 26 that sqpression of' the hydrogen-atom concen- 
t r a t ion   i n  flames accompanies the suppression of sm,ke- formation. Thua, smoke for- 
mation could be prevented  by  reactions that consume hydrogen ah& or  render them 
ineffective. Reference 27 suggests  that smoke formation could be suppressed by car- 
bon monoxide and nitrogen, which serve as nuclei  for the recoliibination and removsl 
of hydrogen atoms. Reference 14 reports  that ,   in  additian t o  hydrogen atoms, other 
atoms and rsdicals  such as those found I n  the  pyrolysis of! halogen c o ~ ~ o u n d s  a lso  
increase smoke formation. All these active  species-grobably promote polymerization 
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reactions  leading  to smoke by  stripping hydrogen from the  fuel molecules. Even if 
halogen atoms react with and remove some of the hydrogen  atoms, the  concentration 
of fuel molecules la so much greater than the concentration of the  short-lived hy- 
Brogen atoms tha t   the  dehydrogenation process predomiaates. It is therefore  pro- 
posed that the removal of hydrogen atoms from the fuel molecules both by  thermal 
processes and b y  active atoms is probably  the  initial  process  involved i n  the farma- 
t i o n  of smoke. 

The steps that might occur after t o t a l  or p a r t i a l  dehydrogenation are contro- 
versial .  Since  aromatics have the greatest smoking tendencies, and since the graph- 
ite structure of carbon par t ic les  resembles the molecular structure of the  multi- 
ringed homologs of benzene, the  formation of smoke by a build-up of  a romt ic   r i ng  
structures has  been suggested (ref.  28). This theory is not opposed t o  the initid 
step of hydrogen remval,  since the fuels would have t o  lose some hydrogen atoms be- 
fore  E polymerization of the   r ings m i g h t  begin. However, absorption  spectroscopic 
examinations of a benzene flame in   the  ul t raviolet   region (ref. 17) indicate that 
benzene is consumed in   t he  lowest portion of t h e  flame and that an  appreciable gap 
exists between the disappearance of benzene and the appearance of smoke par t ic les .  
N o  intermediate  aromatic  products, which should be readily detectable i n   t h e  ultra- 
violet ,  are found i n   t h i s  region. The absence of aromatic  intermediates i n  thls gap 
is evidence against the  ring-building  theory. 

Thorp, Long, and Garner (ref. 29) analyzed the smke f r o m  a f lat  benzene flame 
and found diphenyl to be present , thus supporting the  aromatic-ring-building  theory; 
but i n  later work (ref. 30) they d id  not  find  diphenyl  present i n  the products of 
the  soots From paraffinic or naphthenic fuels. Consequently, it is unlikely that 
carbon  formation Fn hydrocarbon afffusion flames occurs through diphenyl, the  poly- 
phenyls, or the  polycyclic  aromatics as intermediate compounds (ref. 30). 

Pa rke r  and Wolfhard (ref. 17) reject the aromatic-ring-building  theory3  but  they 
have proposed as mechanisms for smoke formatLon (l).the formation of Large molecules 
that may graphitize from within, o r ,  (2) an increase in   the  concentrat ion of mderately 
high-mohculm-weight  hydrocarbons u n t i l  the saturattion vapor pressure is  reached, 
a t  which time condensation  occurs to form a mist of droplets that form nuclei  and 
graphitize. CIbservations on the physical dature of smoke (ref .  31) show that the 
f i r s t  qechanism is iqrobable.  Frazee and Anderson (ref. 24) object t o  both mecha- 
nisms, on the basis of prohibitive energy reqpiremente and other considerations. 
Porter  (ref. 32) concludes from considerations based on the time available for poly- 
merizatign and on the  nature of the  smoke formed that  the droplet-formation mechanism 
or  .polymerization mechanisms i n  general do not  contribwk t o  smoke formation t o  any 
signif icant   extent   in  ordinary diffusion flames. 

Porter  (ref. 32) believes,  instead, that fuels in combustion waves first de- 
compose t o  form l w e z w n d e c U w e i g h t  hydrocarbons  such as acetylene as a result 
of both  thermal  decomposition and partial   oxidation. By  rapapid adhbat ic   photolysis  
he  obtained rates of l iberat ion of heat and active p a r t i c l e s   i n  a reaction vessel 
comparable with  those which occur in flames. A rapid q u e n w  resulted i n   t h e  re- 
tention of 8 f rac t ion  of a l l  stable  intc9mediates. Complete allEtlyais of the  prod- 
ucts showed no higher hydrocarbons. Porter  therefore  proposes a series of reactions: 

Previously, Tmpsch a d  Egloff ( ref .  33) showed that acetylene is a product of 
the  pyrolysis of pure hydroaxbons. They passed ethane rapidly through a heated 
tube f o r  vssiow  contact times and found that ethene, acetylene, a d  carbon were 
formed. This  experiment simulates the reactions that might occur fn the lowest par- 
t i o n  of a diffusion flame where the fuel is heated before coming into  contact a t h  
oxygen. 
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Since  acetylene may be the last stable  product t o  appear before smoke forma- 
t ion ,   the   f ina l  step i n  the mechanism of smoke farmation would be that leading from 
acetylene t o  smoke. E all hydrogen atoms were removed from the C2H2 molecule, the 
mechanism for the f i d  step i n  the f k t i o n  of smoke would be that of the poly- 
merization of % radicals. Such a m&chanism w a s  at  one timt2 considered a plausible 
and promising  expla@ion of  smoke farmation (e.g., ref .  18). However, the  theory 
of smoke formation  via C2 has now -been rejected  by numerow authors  (ref s. 17, 24, 
and 32). 

A mechanism based on simultaneous  polymerization and de?awogenation is pro- 
pose& in  reference 32 t o  accouut for the steps between acetylene and smoke. The re- 
action is exemplified by  the following equation: 

Transient diene structures like  thoae  indicated  uere also deemed tmportant i n  refar- 
ence 30. 

Analogous t o  the work of reference 32 is  the  indication  in  reference 24 that a 
mechanism involving free radicals OT atoms is important i n  the formation of amke.  
The activationenergy requirements f o r  such free-radical reactions were considered, 
and the  following values were reported: 

Energy, 
kcal/mole 

C2H + C2E2 + C4H3 + C4H + H2 -58 

- 29 

60 

Reference 24 indicates that the f i r s t  equation is  of the type  suggested  by  Porter 
and proposes that,  while  the  reaction i s  feasible and may occur t o  80me exbent, i t s  
activation energy is  mch  higher  than that far the reaction e h m  i n   t h e  second 
equation. The third equation shows a poss ib i l i ty   for  the use of the enerw of com- 
bination in  init iating  reactions perhaps m o r e  eff'ectively  than by purely thermal 
means. A t  particularly high tempeyatures, more than one reactive  radical or hydro- 
gen atom could result from a step sukh ae the eecond equatlon, and chain-branching 
might resul t .  Steps such as these can occur with molecules containing larger and 
larger nmfbers of carbon atoms, leang eventually  to  formation of carbon  nuclei 
and  even t o  growth of a partic.le. - .  . . 

" - - . . .. 
" 

In summary, the general mechanism of smoke formation, based on the  information 
currently ava i lab le ,  probably  proceeds a8 follows : 

(1) Some hydrogen atoms are removed from the fuel molecule by t h e m  processes. 
The hydrogen atoms, i n  turn,  came  further dehydrogenation of the molecule. The 
more readily  the hydrogen atoms are removed a8 coqared w i t h  the b r e w  of carbon 
bonds, the greater is the  probability of smoke formation. - - 

(2) After these initial dehydrogenation eteps, the  fuel  mlecules  probably 
continue t o  decoqose to smaller molecules  and  fragments of molecules. Acetylene 
is reported t o  be the laat stable  proauct  to appear before smoke farmation. Various 
authors have ahawn that a breakdown t o  smaller products must occur rather  than an 
immediate growth t o  polgmers or aromatic ring  structures.  
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(3) Although a breakdown t o  Bmall f ragmnts  and re la t ive ly  small molecules 
takes place,  the  formation of smoke through  polymerization of C2 radicals bas been 
rejected. It has been  proposed tha t  i n  the final stages the amEtll molecules  such 
as acetylene and  hydrocarbon  fragments  undergo a simultaneous  polymerization and 
dehydrogenation t o  form smoke. 

coke 

AB previously  mntioned,  both the chemical and physical  nature of hard cambus- 
t o r  coke and the  location of these deposits on the combustor liner suggest that this 
material is formed by the liquid-phase  degradation of f u e l  residues. In reference 
5 it was concluaed that t h i s  hard coke "is largely a petroleum coke resul t ing from 
l iquid phase  cracking,  subsequent  pyrolysis, and final coking of the fuel from the 
spray  nozzle  as it impinges on the hot liner w a l l , "  end that soft Combustor coke 
consists of smoke mixed with the residue  fromthe  degradation of fuel i n   t h e   l i q u i d  
phase. If it Fs a s s m d t h a t  combustor coke is l a r g e l y t h e  product of hydrocarbon- 
cracking  reactions  in  the liquid phase, then the litferature on the  cracking of pe- 
troleum  should  apply to t h i s  problem. 

Reference 34 on the  formation and properties of petroleum coke is of i~rtertSt, 
since it describes quite fully the latkr s-es i n  the reactions y i e l d i n g  t h i s  prod- 
uct.  This  reference  cites earlier work that proposes the following  sequence of re- 
actions : paraffins + olefins + aromatics  with side chains + condensed ring systems 
+ asphaltenes + carboids. Tbe last reaction is then expanded t o  include the series 
of: asphalt * pitch + semipitch -P asphaltic coke * carboid coke (+ graphite). It 
is of lftth importance  whether the earlier stages of the over-all  coking  reaction 
proceed &B indicated,  since all commercial Jet   fuels  contain aromatfcs in   su f f i c i en t  
quantity to yield very eas i ly  the amount of coke found i n  combustors. These aro- 
matics would be relatively  nonvolati le,  and t h i s  class of compounds  would be con- 
centrated  in   the l iqu id  residues on coninustor walls. The conversion of these resi- 
dues t o  the various asphaltic and coke-like  products is accomplished at tauperatures 
of the or& of 8.500 to 1479 F, and these products resemble canibuator cokes i n  maay 
ways (ref.  5).  

The teqerature at which c d u s t o r  coke is formed cannot be determined  by a 
comparison with the properties of petroleum  cokes formed at different tmeratures. 
The hydrogen-to-carbon r a t i o  of hard c d u s t o r  coke (ref. 4 )  is about the same as 
that found in  reference 34 f o r  petroleum coke formed at about 1380' F. However, 
the high concentration  in conibustor coke of solvent  soluble materials suggests a 
much lower temperature of formation, of the order of 7500 t o  9250 F. Probably, this 
lower temperature  range is more nearly the temperatufes at which the fuel w a s  de- 
graded, and @e observed low hydrogen-to-carbon r a t i o  is the  result of the  trapping 
of smoke i n  the coke deposits. True smoke has a comparetively low hydrogen-to- 
carbon r a t i o  and would reduce this r a t i o   t o  that found i n   t h e  coke samples (ref. 4). 

Combustor coke is produced i n  the presence of oxygen and flame; petroleum coke 
results from the decomposition of hydrocarbons alone. Because of these dissimilari- 
ties in  formation,  the  Betermination of the  conditions for the production of combu~l- 
tor coke may not be based on those  for petroleum coke. The literature on the  crack- 
ing of hydracarbons in the  presence of small amounts of air or oxygen might be mre 
applicable. The presence of oxygen certainly  accelerates the f-tion of high- 
molecuLar-weight, asphaltic materials from Mer-molecular-weight  hydrocarbons. 
Asphalt Fs made commercially by blaring residual petroleum  fraction6  with air at 
temperatures from 4 2 9  to 6000 F; the liquid hydrocarbon I s  converted t o  semisolids 
by this treatment (ref. 35). 
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A direct  attempt t o  simulate cn@ustor conditions  in  the  formation of coke with 
a bench-scale  apparatus is reported i n  reference 36.. 'Tu this work, fuel was allowed 
t o  drip on a heated metal plate ,  and the  evaporated fuel vapors uere ignited by a .  
smal l  p i l o t  flame. .The amount of. coke deposited was determined  by weighing the 
metal plate  before and after the test. Residues simile to couimi8to-r coke w e r e  
formed at plate  temperatures of about 6000 F, and the amount of deposits  decreased 
to   substant ia l ly   zero at about loo00 F. This test was developed.primarily ae a fuel 
evaluation  test  and has not been used t o  propose a mechanism far  coke fornation, al- 
though it does indicate that the farmation of cgke may be dnimized  with  high metal 
temperatures. 

- . . 
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I n  summary, it appears  probable that combustor coke is formed by  degradation, 
in   the   l iqu id  phaee, of the less vola t i le   fue l  components. "his coke probably con- 
tains considerable  quantities of gas-phase-produced smoke that is trapped  therein. 
The degradation of fuel  is accelerated  by oxygen, and coke may be produced a t  tem- 
peratures  in the 7580 t o  9580 F range. 

EFFECT aF SUIJDS ON I1ADm HEKC TRmsFEa 

Information  concerning  radiant  heat  tranefer from flames is  necessary  for  the 
evaluation of problems such as combustor-wall ccidling, application of flame-hmersed 
fuel vaporizers, and the   ra te  of evaporation o f -  fuel &?opEts. .. This  section deals 
with  the  effect of the solid  products of combustion on the  radiant power or the 
emissivity of flames. The solid  products that become attached t o  the combustor 
walls (coke) may also  influence  radiant  heat  transfer .to these  walls  by  increasing 
the s u r f a c e  emissivity. However, t h i s  latter effect  i s  not  belleved to be of much 
importance, since the emissivity of the usual materials of constr-wtion is  quite 
high a t  high temperatures and would .not be greatly  increased  by coke deposits. 

* 

" 

. " 

." . -. 

Nonluminous flames emit two types of radiation. These are (1) electronic erds- 
sion by radicals   in   the  ul t raviolet  and visible  region, and (2) molecular  emission 
by w a t e r  and carbon dioxide i n  the infrared. The.-electronic emlssion comprises 8 
very s m  fraction of the total radiant power fro@couibwtion  processes, and its 
effect  on radiant heat transfer can be ignored. Lsnninow flames yield,   in  addition 
to the  preceding types of radiation, a black-body mais t ion  that arrises from the 
hot solids present  in  such flames. A large  fraction of this black-body radiation is 
in the near infrared. A further  discussion of the  radiation from both types of . 

flames can be  found i n  reference 3'7.. 
. .  

.. ... 
- c- 

- " -" . . " . " . . .  - . 

The radiant power from a combustion zone incraases-sharply as t h e   f l a m  is - 
changed from a nonluminous t o  a luminous type. This change may be accomplished by 
increasing  the  pressure,  the  fuel-air  ratio,  or  the smoking tendency of the f u e l ,  
As an elcemple of the  effect  of pressure, a study of the  radiatlon from flames i n  a 
turbojet  conibustor (ref.  38) showed. that the  radiant power incrwed  rap id ly   wi th  
pressure and t o  a lesser  degree x i t h  changes in   fuel-air   ra t io .   -Preesures  ranged 
from 20 t o  95 inches sf mrcury  absolute, and the total radiation from a luminous 
fhme was several times greater than that fr0m.a nonluminous flame. Increases in 
fuel-air r a t i o  that changed nonluminm f-s t o  luminoue ones were studied  in a 
laboratory  burner (ref. 39) and i n  a small furnace (ref. 40). A fourfold increase 
in  radiant  parer w a s  observed with a.cetylene f u e l   i n  the laboratory burner and a 
two- to   th reefo ld   kcrewe w i t h  gatyal gas i n  the  furnace. In reference 41, the 
character of the fuel .fed. _to-.an ind-%trial f + a c e -  was"i&3ed..  The addition of small 
amounts of f u e l s  of high smoking tendencies, such as benzene increased  the 
emissivity of the flame fram.0.15 tn 0.4. I n  general,  the  emissivity or radiant 
power from a flame increases  several time8 the flame becomes luminmw because- of 
the  presence  of-solfd_products of couibustion. 

. .  
- 
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Fairly accurate  calculations of the  rate of radiant  heat transfer can be made 
f o r  nonluminous flames with the methcd and charts of reference 42. These require, 
ea input variables, the combustion-chaniber  geometry, reaction  stoichiometry, pres- 
m e ,  and temperature. Similar calculations cannot be made on a theoretical basis 
alone for  luminous flames. These require  the experimental nreasurement of at least  
two flame properties to  determine emissivity.  In  reference 42, two-color optical 
p;yrometry was used t o  determine red and green  brightness  temperatures, which  were 
then  used in  the  calculation of emissivity.  In  reference 38, a total-radiation py- 
rometer and a red-filtered  optical pyrometer w e r e  used t o  supply  the  necessary ex- 
perimental data. Once emissivities are known, the  calculation of radiant  heat- 
transfer rates is si- for  both lwninous and nonluminoue flames. 

In  summary, radiant heat transfer is greatly  increased  by  the  presence of solid 
conibustion products.  Quantitative  determinations of the radiant power f r o m  luminous 
flames require, a t  present,  experimental measurements of the flame i n  question. 
However, it is possible that further  research plus a bacuog of experience on var- 
ious  types of combustors may eventually  permit  estimates of radiant  heat tressfez- 
from luminous flames based on theory  alone. 

The factors   re la t ing  to  the formation of solid carbon during  the combustian of 
hydrocarbons i n  shp3-e laboratory flames have been reviewed. Some of the major COU- 
clusions  resulting from the  study of laboratory flames that are pertinent  to conibus- 
to r  design may be surmaxized as follows: 

1. Smoke is formed only i n  systems containing a fuel-rich region. Coke and 
emoke w i l l  not result  f r o m  the coribustion of premixed fuel-air systems if the mix- 
ture  strength is maintained  near stoichiometric. Therefore, combustor design 
that minimizes or eliminates  the  presence of local fuel-rich regions shoula also 
minimize or B n a t e  the smoldng and coking tendency of the conibustor. It I s  rec- 
ognized that fuel-lean  operation reduces combustor s tab i l i ty  end altitude efficien- 
cies.  Therefore, compromises must be made i n  canibustor design t o  obtain  satisfactory 
performance i n  regard to both  burner s t ab i l i t y  and efficiency and t o  freedom from 
coking. 

2. Increasing  pressure  increases  the carbon-forming tendency of hydrocarbon 
flams. Therefore, the problema of smoke and coke,  and also of radiant  heat-transfer 
effects,  increase  with  increasing combustion-char&er pressure. 

3. There ere pronounced differences  in  the smokfng tegdencies of the various 
hydrowbon fuels. Gf the hydrocarbon types cbmmonly found i n  petroleum-derived 
fuels, aromatics have by far the  greatest smoking tendencies. However, there are 
hrge  Wferences among the various classes of aromatics. The problems of control- 
ling smoke and coke in   turbojet  engines can be lessened by  limiting the aromatic 
concentrations in  fuels and especiallyby lfmiting Ehe concentrations of the m e  
obJectionable t y p e s  of srrometics. 
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o Diphenylmethane 
0 Styrene 
0 Toluene 
A Benzene 
P g-Prppylbenzene 

Fuel-air ratio 

Figure IX-2. - Variatfon of carbon deposit vfth fuel-air ratio for 
several fuel8 butning as diffusion flames. A b  flow past flame, 

' 10 l i t e r s  per minute (ref. 14). 
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0 .8 1.6 2.4 3.2 4 -0 4.0 5.6 6.4 7.2~10'3 
Maximum smoke-free muel flow, g/sec 

Figure IX-3. - Variation of smoke-free muel flow with air flow (ref. 3). 
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Fuel-alr r a t io  
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Figure IX-4. - Variation of smoke with --air ratio for s e v e r a l  fuels burning 8 8  Bunsen 
flames. A l r  flow, 4.1 litera per minulie (ref. 13). 
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IX- 25 

0 
Pressure, atm 

(a) six hydrocarbons st pressures to 4 Etmospheras. 

F-e IX-5. - Variation of BmDhs-free fuel fb vith pressure (ref. 3). 
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( c )  VarLoua f w l a  and blends at pressures to 4 stmapherea. 

Figure IX-5. Concluded. Variation of smoke-free fuel flw w i t h  prt?~~~&a (ref. 3). 
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c 

c-c 
A I A-c 

a c - c  

Figure " 6 .  - Relation between molecular structure and smoking tendency for aromatics 
as determined in a modified Davis factor Lamp (by gernriselon from ref. 7 ) .  (20- 
'Volume-percent blends of armatLc with g-doaeCane.) 
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. 

Total carbon atoms 

Figure IX-7. - Relation of molecular  structure and 
smoking tendency for paraffins &d olefins as 
determined tn a modified ~ a v i e  factor lamp (by 
permission from ref. 7 )  . 
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Aromatic i n  blend with - n-dodecane, p.ercent by volume 

Figure IX-8. - Relation of blend canposition and smoking tendency as deter- 
mbed i n  a modified Davie f a c t o r  lamp (by perml68ia frm ref. 7 ) .  
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Figure "9. - Critical air-fuel r a t i o  f o r  carbon formation 
as a function of molecular weight and f u e l  type (ref. 16). 
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Figure "10. - V a r i a t i o n  of maximum smoke-free fuel flow wlth t o t a l  carbon-carbon bond strength 
per mmiber of carbon atoms (by pemls~im froan ref, 22). 
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Data according t o  various  fnvestLgators have been conTplled  and are presented 
-in table I. C o l u m n  headings are explained as follows : 

Sp. gr. - Specific  gcavfties were obtained from reference I, except as noted. 
V d u e s  from reference 1 are 6@/6@ F, while those f r o m  reference 2 exe generally 
2@/4O C. 

g Q. - Nortcal boiling points a t  I atmosphere were t&en from reference 1, ex- 
Ln 
pr) 

cept RE noted. 

Mvq. - Heats of vaporization were obtained from reference I, except as noted. 

4. - Heats of conibustion of gaseous fuel t o  give gaseous products exe from 
’. r e f e r G e  1. 

c 

c 

Stoich. mixt. - Stoichiometric mixtures are given, as mole fraction of fuel 
(volume percent/100) and as fuel-air r a t io  by weight. 

’ Flanmrability U t .  - Flemmhilitg limits in percent of stoichiametric f’uel- 
air ra t io ,   in  most cases  obtained  with upward propagation in a 2-inch tribe closed 
at both ends , are  from reference 3, except as noted. 

Spon. ig. temp. - Spontaneous ignition temperatures were determined by the 
modified A.S.T.M. drop test i n  reference 4, except as noted. Minus signs following 
values indicate that slightly lower d u e s  have been reported. 

f/a for max. Q. - Fuel concentrations in percent  stoichiometric fuel-sir 
ra t io   for  maximum burning  velocity were determined at 77’ F and atmospherfc pree- 
sure (ref. 5). 

Max. rrp (ref). - Maxurmrm burning velocities relative t o  propane, which are 
a rb i t ra r i ly  rated 100 fo r  each experimental method (see table II f o r  absolute 
values fo r  propane far each method) , were obtained from reference 5. B ~ ~ i n g  ve- 
loci t ies  were, in most cases, measured by  the NACA tube method (see ref. 6). 

% at f/a f o r  max. +. - Adiabatic f Lame temperatures w e r e  calculated at 
the  stoichiometric fwl-air r a t io  f o r  maximum burning velocity  acccrafng t o  the 
method of reference 7. Values w e r e  obtained f r o m  reference 5. 

Min. ig. enerw. - Minimum ignition  energies a t  stoichiametric fuel‘air ratfos 
and the  absolute minimum ignition  energies that occur a t  SO= richer concentration 
were obtained from reference 8, except as noted. In  most cases, 1/8-inch rod  
electrodes (unflanged) m d  capacitance spar- w e r e  used; pressure was 1 atmosphere. 

Quench. d i s t .  - Quenching distances between parallel plates at stoichiometric 
fuel-air ratios,  and absolute quenching distances through vhich no flame w i l l  pass 
regardless of concentration were estFmated from log-log correlations between’ igni- 
t ion energy and quenching dlstance based on data from refs. 9 and 10 and informa- 
tion  received from Experiment, Inc. I and minimum ignnition energies  included  herein, 
except when taken from references 9 a d  10. 



ii - 
Fuel 

Acetaldehyde 
Acetone 
Acetylene 
Acrolein 
Acryloni t r i le  

nlene (propadiene) 
Ammonia 
Aniline 

Benzene 
,n-butyl- 
, F - b d y l -  
J- ter t -butyl-  
,1,2 ,-diethyl- 

,1,3-diethyl- 
, 1 , 4 4 i e t h y L  
,1,2 -dimethyl-  2-xylene 
,1,3-dimethyl- I m-xylene 1 
,1,4-dimethyl-  (e-xylene) 

, e thy l  - 
,isopropyl- (cumene) 
, i~obUty l -  

, l - ~ t h y l - 2 ~ t h y l -  
, l , -~ thy l -3 -&hy l -  

,l-methyl-4-ethyl- 
, l-methyl-3,5-diethyl- 
,nitro- 
,Propyl- 
,1,2,3-trlmethyl-  (hemimellitene) 

,lyZ ,$ - t r imthyl -  (pseudocumene) 
,1,3,5-trimethyl-  (mesitylene) 
,vinyl-  (styrene) 

m e  open at lower end. 
bSLfblhES. 
?Flanged  electrodes. .. 

Molec- 
ular wt. 

44.1 
58.1 
26.0 
56.1 
53.1 

40.1 
17 .0  
93.1 

78.1 
134.2 
134.2 
134.2 
134.2 

134.2 
134.2 
106.2 
106.2 
106.2 

106.2 
134.2 
120.2 
120.2 
120.2 

120.2 
148.2 
123.1 
120.2 
120.2 

120.2 
120.2 
104.1 

SP.  gr. 

0.783' 
.792' 
,6212 
.&a2 
.7972 

e. 817 
I. 0222 

.885 
,865 
,866 
.871 
.884 

,868 
.866 
.885 
.869 
.866 

.872 
,858 
.866 
.885 
.869 

.866 

.867 

.867 
-899 

.a80 

.870 

.911 

1.1992 

c 

" 

b 

i 

NACA RM 154107 

TABLE I. - PHYSICAL AIYD COMBUSTION 

[Numbered superecripts 

3.P. , 
OF 

-7 0' 
I342 

"119 
127' 
17 3' 

-30 
-2a2 
3642 

176. 
362 
344 
336 
362 

358 
363 
292 
282 
281 

277 
343 
306 
329 
322 

324 
393 

319 
349 

337 
328 
293 

4122 

%ap 3 

Btu/lb 

2452 
2242 

5902 
18716 

169 

149 
147 
146 

146 

134 
l39 
138 

137 

14216 
137 
143 

140 
140 

T 
20,734 

19,921 

17,446 
17,984 

17,723 
17,7 16 
17,719 

17,767 

17,873 
17,864 
17,853 

17 , 848 

17 , 887 
17,825 

17,809 
17,802 
17,598 

Stoich. 
mixt . 

BY 
vol  . 
1.0772 
.a97 
,0772 
.OS64 
-0528 

.0497 

.2181 

.0263 

.0271 . Q153 

.m53 
,0153 . OW3 

.0153 

.0153 
,0195 
.0195 
.0195 

.0195 

.0153 

.017 1 

.017 1 

.017 1 

.0171 
,0138 
.0324 
.0171 
.0171 

.0171 

.0171 

.0205 

BY Kt. 
1.1280 
.1054 
.0755 
.1163 
.1028 

.0728 

.1645 

.a372 

.07 56 

.0721 

.0721 

.0721 

.0721 

.0721 

.m21 

.0734 

.m34 
,0734 

.0734 

.0721 

.0727 

.0727 
* 0727 

.0727 

.0717 

.1429 

.07 27 

.0727 

.0727 

.0727 

.0755 

dg.0225-Inch stainless-steel electrodes; spark duration, 1 mil l isec.  
e a a s u r e d  a t  -ILL@ E. 
fMeaaured at  elevated  .temperaturea by Bunsen burner  schlieren teal-area method Fna 

extrapolated t o  room temperature. - 
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indicate references. 3 
Flammability 

cent of 
lfmit, per- 

stoich. 

Rich 

L233u 

x75211 

336 

307 

352 

ipn. ig. EDQ., 
% 

104212 
58112 
532* 
89812 

12w* 
UOO- 

1097 - 
821 
836 
891 
759 

851 
844 
934- 
1045 
1048 

860 
853 
873 
836 
905 

902 
861 

853 
895 

970 
1039 
914= 

90012 

qz"G 
Ulax. UF, 
percent 

of 
staich. 

131 
133 
-100 
105 

121 

108 
108 

105 

108 

109 

$? at 
'/a for 
- 0  5, 

OR 

3820 

4430 

4430 

4150 
4185 

4175 

4205 

4l80 

itoich. 

37.6 
115 
=3 
=17.5 
=36 

55 

Wnch. d i s t  . , 
in. 

itoich. 

0.09 
.15 
.03 
.06 
.09 

.ll 

Ab. 
min . 

0.06 

.07 

c 
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Benzyl  alcohol 

Biphenyl 
32-b~tyl- 
,2-ethyl- 
, 2 -=thyL. 
J2-prqy1- 

1,Z-Butadiene methylallem) 
1,3-Butadiene t divinyl,  vinylethylene) 

,2,3-di~thyl- 
,Z-methyl-  (isoprene) 

E-Butane 
,2-cyclopropyl- 
,2 9 2 -d-thyl- 
,2,3-di~thyl- 
,1,l-diphenyl- 
,2-~thyl- (isopentane) 
,2,2,3-trimethyl- 

Butanone  (methylethyl  ketone) 
1-Butene 

,2-cyclopropyl- 
,2,3-dimthyl- 
,2-&hyl- 

,2-methyl- 
,3-=thyl- (o~-i~~amyle~~) 
,2,3,3-trimethyl- 

trans-2-Butene 
2.,3-dimethyl-2-bbtene 
2-methyl-&-butene 

3-Buten-1-yne  (vlnylacetylene) 
;-Butyl  chloride 

1-Butyne 
,3,3-dlmthyl- 

Mole  c - 
ULar 
wt. 

108.1 

154.2 
210.3 
182.3 
168.2 
196.3 

54.1 
54.1 

68.1 

58.1 
98.2 
86.2 
86.2 
210.3 
72.1 
loo. 2 

72.1 
56.1 
96.2 
84.2 
84.2 

70.1 
70.1 
98.2 

56.1 
84.2 
70.1 

52.1 
92.6 

54.1 
82.2 

82.1 

1. os02 

1.18@ 

1. e102 

g. 658 
g. 627 
,731 
.686 

g .sa4 

.654 

.666 

.625 

.695 

. 80S2 
g. 601 

.683 

.694 

.656 

.633 

.710 

g. 610 
.7l3 
.668 

.a72 

.a842 

g. 650 

- 
B.P. 9 

op 

4012 

4902 

5002 

52 
24 
156 
93 

31 

122 
136 

82 
17 8 

1752 
21 

132 
148 

88 
68 
172 

34 
164 
101 

412 
1722 

47 

.6 6 

.31 

.36 

.46 

.24 

,912 
Ea 

74 

&rube open at  lower  end. 
bsjublimes. 
?Flanged  electrodes. 
d0.0225-Inch stainless-steel  electrodes; spark duration , 1 millisec. 
Qsaturat ion pressure. 

19,567 
19,153 

19,003 

19,655 

l9,299 
19 , 338 
19,451 
19,241 

19,475 

19,159 
19,198 

19,258 
19,297 
19,092 

19,389 

19,214 
L9,l35 

19 , 590 

T Stoich. mixt . 
BY 
vol . 
1.024C 

.0141 

.0101 

. o n e  

.0129 

.01m 

.0366 

.0366 

.0290 

.0312 

.0195 

.0216 

.0216 . 0101 

.0255 

.0187 

.036  6 

.0337 

.0205 

.0227 

.0227 

.0271 

.on1 

.0195 

. m 7  

.0227 . OE7 1 

.0402 

.a324 

.0366 

.0240 

.024a 

BY wt. 
1.0923 

.0772 

.0745 .0756 

.07 63 

.0750 

.0714 

.0714 

.Mol 

.07  06 

. a 4 9  . cE79 

.0659 

.0659 

.0744 

.0654 

.0661 

.0951 

.0679 
,0698 
.0679 
.0679 

.0578 

.0578 

.067  9 

.0679 

.0679 

.0678 

.0756 

.lo7 5 

.07 14 

.07 02 



t 

indicate  references. 3 
Plammability 
L i m i t ,  per- 
=ut of 

stoich. 

Rich 

s4dl 

33019 

35119 
37219 

35919 
35819 

35319 

930711 

80212 

1071 
811 
840 
936 
845 

78412 

82412 

807- 

824 
790 
863 
800- 
849 

83&2. 

697 
615 

706 
721 

764 

f/s for -- up, 
percent 

117 
l l 9  
Y 9  
1 1 8 .  

113 
129 
113 
u3 

ll.4 
116 

100 
Y 6  
Y 5  
131 
Y7 

l l 5  
Y5 

Y 5  

Lo9 

120 
121 

u218 
EL918 

97 
102 

92 
93 

94 
92 

11l 

10113 
1 0 1  

100 
106 

95L3 

193= 

14918 
l2zzl8 

at 
#/a for  
=- q?, 

OR 

4355 
4275 
4170 
4220 

4060 

4055 
4055 

4055 
4035 

a75 
4215 
3970 
U O  

4135 
4150 

11115 

4520 

4345 
4210 

Itoich. 

'23.5 

7 69 

164 

c96 
100 

53 

8.22 
'124 

T &ench. dist . ,  
in. 

3toich. 

0.07 

-12 

.la 

.14 

.14 

.10 

.04 

.15 

b s .  
fin. 

0.05 

-07 

.07 

.07 

.08 
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. . .. . 

Fue 1 

2 -Butyne 
- d - C q h o r  . . "" 

Carbon d i su l f ide  
Carbon monoxide 
Cyanogen 

. " " . - 

.. 

. . .. 

Cyclobutane 
,e thyl-  
,isopropyl- 

,methylene- 
,me thy1 - 

Cyclohexane 
,ethyl- 

, l -methyl -2-s -butyL-  
,methyl- 

Cyclohexene 
Cyclopentadiene 

Cyclopentane 
,methyl- 
,c-propyl- 

Cyclopentene 

Cyclopropane - .  -_ 
,=-1,2-dimethyl- 
9- trans-1,2-dimethyl- 
,ethyl- 
,methyl- 
,1,1,2-trimethyl- 

trans-Decalin  (decahydronaphthalene) 
n-Decane 
I-Decene 
Diethyl ether 
Dihydrapyran 
Diieopropyl  ether 

- 

." 

Molec - 
ULar 
n t  . 

54.1 
152.2 

76.1 
28.0 
52.0 

56.1 
84.2 
98.2 
70 .1  
68.2 

84.2 
u2 .2  
98.2 

154.3 

82.1 
66.1 

70.1 
84.2 

112.2 

68.1 

42.1 
70.1 
70.1 
70.1 
56.1 
84.2 

138.2 
142.3 
140.3 
74.1 
84.1 
lO2.2 

TABLE I. - Continued. PHYSIcAt AND 

[ Numbered superscr lpte  

;P. gr. 

0.697 

1. 2632 

. 8662 

. 7032 

.9902 

.693' 

.783 

.792 

.774 

.e102 
,805' 

.751 

.154 

.781 

.7722 

e .  720 

I. 691 

.874 

.734 

.745 
,714' 

.7 26' 

0.P. J 
OF 

b3992 
u 5 2  

-52 

552 

972 

81 

-310' 

17 7 
269 
214 

1812 
1092 

121 
161 
268 

1122 

-302 

412 

369 
345 
339 

942 

1542 - 

1512 
91 

l.86I6 

154 
L33 
139 

167 
148 

l l 9  

L512 

T 

.8,846 

.8,816 
B ,797 

.9,001 
B ,930 
.8,907 

.9,175 

.9,094 

1.0366 
,0153 
.a352 
.2950 
.m47 

.0337 

.0227 

.m95 

.0271 

.0290 

.e27 

.017 1 
* 0195 
.0125 

.02 40 

.0312 

.0271 

.0227 

.0171 

.0290 

,0444 
.027 1 
.027 1 
.027 1 
.0337 
.0227 

.0142 

.Ol33 
,0138 
.0337 
.0312 
.0227 

- 
BY xt. 
8.0714 . mla 
.1e41 
.4064 . la87 
.0679 
.0679 
.m79 
.0678 
.0707 

.0579 

.0679 

.067 9 

.0679 

.mol 

.0738 

.Of378 . m79 

.0579 

.0706 

.0679 

.0678 

.0678 

.0678 

.0m9 

.a579 

.0692 

.0566 
,0679 
. a 9 6  
.0939 . CB24 

T . 

" . . 

d0.0225-Inch stai t i lese-s teel  electrodes; spark  duration, 1 mtllieec. 
eMeaeured a t  -Up F. 
fl&asured at elevated.   teqeraturee  by Bunsen burner  achlieren  totai-area method and 

b y  air; 0.97  percent hydrogen in carbon monoxide. 
h e m u r e d  a t  -40 F. 

. .. 

ex t r apo la t ed   t o  roam temperature. 



c 

-0 
W 

K) 
UY 

c 

- 

c 

t 

L 

indicate references.] 

Flemmability 
limit, per- 
cent of 

stoich. 

Lean R i c h  

&on. ig. 
kmp* J 

op 

871 . 

W8* 
156212 

24812 

518 
507 
509 
597 

725 
614 
54512 

92812 

521- 
449 
471 
36620 

-- UF, 
percent 

120 

- 102 
417 0 

115 
l l 5  
135 
ll8 
123 

n 7  

325 

100 

117 
122 

121 

ll.3 
116 
118 
125 
l l 6  
115 

109 
105 
112 
l l 5  

4320 

4155 
4125 
3900 

$050 

3935 

4015 
4010 

4190 
4170 
$160 
4125 
4170 
4155 

4000 
4115 
4135 
4055 

Itoich. 

1.5 

138 

'86 
67 

=83 

'24 

49 
'56 
ll.4 

A h .  
min. 

vii 

&ench. dist. 
in. 

0.02 

.16 

-13 .EL 
.13 

.m 

.10 .ll 

.l5 

Ab8. 
min. 

0.07 

-07 

.07 

.08 
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Fuel 

Dimethoxpthane 
Dimethyl ether 
Dimethyl sulfide 
Di-=-butyl peroxide 
Divinyl ether 

Ethane 
,l,l-diphenyl- 

Ethene 
Ethyl  acetate 
Ethyl alcohol 
Ethylmine 
Ethylene oxide 
Ethylenimine 

Furan 
,tetrahydro- 
,thio- (thiophene) 

- n-Heptane 
,3,3-dimethyl- 

1-Eeptene 
I-Heptyne 
Hexadecane 
1-Eexadecene 
1,5-Hexadiene 

p-Hexane 
,2,3-dimethyl- 

1-Eexene 
1 -Heme 
3-Heme 
Hydrogen 
Hydrogen sulfide 

Molec- 
ular 
ut. 

~ 

76.1 
46.1 
62.1 
146.2 
70.1 

30.1 
182.3 

28.1 
88.1 
46.1 
45.1 
44.1 
-43.1 

68.1 
72.1 
84.1 

loo. 2 
128.3 

98.2 
96.2 
226.4 
224.4 
82. I 

86.2 
114.2 

84.2 
82.1 
82.1 
2.0 
34.1 

TABLF: I. - Continued. PHYSICAL AM) 

[: Numbered superscripts 

;p. p. 

0.8562 

,8462 

~~ 

:7 7 42 

1. 0062 

.go12 

.7892 

.7 062 
1. 96S2 . 8322 
.9362 

1. 0642 

.688 

.730 

.702 

.738 

.777 

.785 

.697 

.664 

.717 

.me 
,721 
.7262 

B.P. , 
OF 

1112 
-112 
1002 

1022 

-128 
52 22 

-155 
17 l2 
17  32 
622 
512 
1322 

902 
149' 
1832 

2 09 
279 

201 
212 
548 
544 
139 

156 
290 

146 
161 

-4232 
-7  92 

208 

36e2 

20,276 

s 
17  22 

L36 
118 

19,314 

19,202 
19,262 

98 19,052 
19, om 

144 
19,236 126 
19,391 

2372 
51,571 L942 

19,334 
19,262 

T Stoich. 
m i x t  . 

BY 
vol. 

1.0497 
.0652 
.0444 
.0179 
.0402 
.0564 
.on8 

.(X52 

.@02 

.0652 

.%28 

.0772 

.0605 

.w44 

.OS6 . E537 

.OM7 

.0147 

0195 
.02c15 
. m 5  
.0086 
.0240 

.0216 

.0195 

.0227 

.0240 

.02 40 

.2950 

.1224 

BY 
wt . 

I. 1381 
.1ll5 
.loo1 
.0923 
.lo17 

.0624 

.0756 

. 0 6 R O  
*E79 
.I115 
.m73 
.1280 
.0962 

.lo98 
,0951 
.ID17 

.E61 

.0665 

.0679 

.E98 

.0671 

.0679 

.mol 

.a59 

.07  89 

.0679 
-0701 
.mol 
.0290 
,1650 

~ ~~ 

%e open at  l m e r  end. 
'Flanged electrodes. 
d0.0225-Inch stainless-steel  electrodes; spark duration, 1 milllsec. 

fMeasured a t  elevated  temperatures by Bunsen burner  schlieren  total-area method and 
extropolated t o  room temperature. 



NACA RM E54107 

CCMBUSTION PROPEEEES FTJEM 

indicate  references.1 

F7Ammability 

cent of 
limit, per- 

stoich- 

Lean Rich 

66212 

68012 

88212 
909 

91412 

73812 
90720 

80420 

477 - 
626 

505 

446 
a4 

501- 
82c9 

521 

1060-12 
55412 

f/a for -- %, 
percent 

l l 9  

1l2 

ll5 
-100 

125 
100 

122 

108 

ll8 

II? 

ll8 
124 

-170 

M 

4010 

4040 

4275 

4340 

3985 

4u.5 

4030 

4115 
4200 
8150 

Wn. ig. 
energy, 
10-5 

;toich. 

42 

c76 
=45 

e42 

9.6 
142 

240 
10.5 
88 

22.5 
54 
60 

U S  

‘93.1 

959 

2.0 
c7.7 

T I- 

1 
Quench. dist., 

in. 

Stoich. 

0.09 .09 
.E .si 
,099 

.05 

.17 

-21 
.05 
.10 

.07 .ll 

.Y 

.15 

.13 

.14 

.0510 .04 

Abs . 
min. 

1. 0T9 

.10 

.04 

.07 

.07 

. O d O  

c 



X - NACA RM E m 0 7  

Fuel 

" 

Isopropyl  alcohol 
Isoprqpylamine 
Isopropyl  chloride 
Isopropyl  %rcap%an 
dl-Limonene 

Methane 

- " . . .  

,diphenyl- 

Methyl  alcohol 
Methyl  formate 

Naphthalene , l-ethyl- 
J 1-ethyl- 

n-Nonane - 
,2-methyl- 

:-Octane 
, 2 , 3-dimethyl- 
,4-ethyl- 
,2-methyl- 
2 3-11~thyl- 
,4-~thyl- 

1-Octene 
lJ2-Pentadiene  (ethylalleue) - cis-lJ3-Pentadiene 

trans-l,3-~entaaiene  (piperylene) 
,Z-methy~(& or trans) 

I, 4-Pentadiene 
2 , 3-Pentadiene 
n-Pentane - 

,2,2-dFmethyl- 
,2,3-di=thyl- 
,2,4-di~thyl- 

'Flanged  electrodes. 

J 
Mole c - 
ular 
Kt. 

60. I 
59 -1 
78.5 
76.2 
136.2 

16.0 
168.2 

32.0 
60.1 

156.2 
142.2 

128.3 
142.3 

114.2 
142.3 
142.3 
128.3 
128.3 
128.3 

112.2 
68.1 
68.1 

68.1 
82.1 

68.1 
68.1 

72:l 
loo. 2 
100.2 
loo. 2 

0. 7852 
.69$ 
.859' . 8362 . 8422 

1.0012 

.7932 

.9752 

1.012 
1.025 

.722 

.732 

.707 

.742 

.744 

.718 

.725 

.724 

.719 

.698 

.696 

.681 

.724 

.666 . 

.700 

.631 
,678 
.699 
.677 

. 
TABLE I. - Continued.  PHYSICAL AND 

[Numbered  superscripts 

1802 
932 
962 
1542 
3512 

-259 
5032 

1482 
892 

498 
472 

303 
332 

258 
327 
334 
290 
292 
288 

250 
113 
1 U  

108 
169 

79 
119 

l- 
86' 

2516 

2 

4 
2 

1 

1 

1 
1 
1 

97 

127 177 
130 194 
125  175 
154 

19 

732 
;032 

24 

.29 

23 
23 
23 

21,502 

l9,211 

19,256 

19,157 
19,444' 
19,018 

19,016 

19 J 190 
19,399 

19,499 
19 , 235 
19,265 
19,253 

I I 
. .  . .  - 

Stoich. mixt. 
BY 
vol . 

1.0444 
.OS3 
.0422 
.a37 
.0147 

. a947 

.0129 

.1224 

.0947 

. O B  

.0153 

.0147 
,0133 

.0165 
,0133 
.0133 
.0147 
.0147 
.0147 

.017 1 

.0290 

.0290 

.m90 

.m40 

.a290 

.0290 

.02 55 

.Ole7 

.OM7 

.0187 

BY 
wt. 

I. 0969 
.0817 
.1199 
.0922 
.07% 
* 0581 
.UT63 

.1548 

.2181 

.0756 

.0764 

.0665 

.06G6 

.0663 

.0566 

.0666 

.0665 

.0665 

.a65 

.a79 

.0706 

.0706 

.0706 

.mol 

.0706 
-0706 

.0654 

.0661 

.0661 

.0661 

'0.0225-Inch stainless-steel  electr6des j spark  duration, 1 millisec. 
'Measured  at elevated  temperatures by Bunsen burner schlieren  total-area  method  and 

Junpubliehea NACA ata. 
extrapolated  to room temperature. 

1 



Xi 

indicate references .] 
Flnmmnbility 
limit, per- 
cent of 

stoich. 

Lean 

4gU 

J48 

47 

51 

46 

54 

69 

R i c h  

16415 

jm 

434 

425 

384 

359 

437 

@on. ig. 
;=P* > 

OF 

85220 

505 

1170-12 
962 

87e2' 

898 
1017 

453 
418 

464- 
847 
458 
440 
442 
450 

493 

544 

640 

f/R f O l  

-= ?F, 
percent 

100 
114 

106 
Lo7 

-101 

119 
120 

119 
115 

u s  
IL9 

115 
u.9 
119 
ll.7 

ll7I8 4230 
loa-i3/ 4220 

4270 
4280 

t 
Quench. d i s t . ,  

in. 

Stoich. 

0.11 
.19 
.17 
.13 

.109 

.07 

.n 

.13 



x i i  - NACA RM E54107 

Fuel 

- n-Pentane,  2,4-dimethyl-3-ethyl- 
,3,3-dFmethyl- 
, 2-methyl- 
,3-=thyl- 
,2,2,3,3-tetramethyl- 

,ZJ3,3,4-tetramethyl- 
,2,2,3-trimethyl- 
,2,2,4-trimethyl-  (isooctane) 
,2,3,3-trimethyl- 

1-Pentene 
,2-methyl- 
,4-~thyl- 
,2,3,4-trimethyl- 
,2,4,4-trirnethyl-  (diisobutylene) 

- cis-2-Pentene 
,2,4,4-trimethyl- 
,3,4,4-trimethyl-(e trans) 

trans-2-Pentene 

I-Pentyne 
,4-methyl- 

2 -Pent yne 
I 4-mthyl- 

+Pinene . 
Propadlene  (see  Allene) 

Propane 
,2-cycloprapyl- 
,1-deutero- 
,l-deutero-2-methyl- 
,2-deutero-2-methyl- 

,2,2-dimethyl-  (neopentane) 
,l,l-Mphenyl- 
.2-methyl-  (ieobutane) 

Molec- 
ular wt. 

128.3 
loo. ,2 
86.2 
86.2 
128.3 

128.3 
114.2 
114.2 
114.2 

70.1 
84.2 
84.2 
112.2 
112.2 

70.1 
112.2 
112.2 

70.1 

68.1 
82.2 

68.1 
82.2 

U6.2 

44.1 
84.2 
45.1 
59.1 
59.1 

72.1 
196.3 
58.1 

TABLE I. - Continued. PHYSICAL AND 

L Numbered  superscripts 

;p. gr. 

0.742 
.698 
.65B 
.669 
,761 

-759 
.720 
.696 
.730 

.646 

.687 

.669 

.733 

.719 

.661 

.726 

.743 

,653 

.695 

.716 

.a582 

g.508 

.597 

8.563 

278 
la7 
140 
146 
284 

287 
230 
211 
239 

86 
141 
I29 
226 
215 

99 
221 
234 

97 

104 

133 

3092 

-44 

49 

11 

u9 
L27 . 
L39 
L40 
t 18 

117 
L21 
u7 
123 

L83 

L36 

L 5 8  
. .  . 

%e open at lower  end. 
%"nged electrodes. 
dg.0225-Inch stainless-steel  electrodes; spark duration, 1 millisec. 
gsaturation  pressure. 
hnpublished NACA data. 

19,255 
19 , 356 
L9,369 

19 , 212 
19 I 197 
19,226 

19 , 346 
19 , 185 
19,225 

19 ) 308 

19,280 

19,436 

19,338 

19,929 

19,593 - 

Stoich. mix%. 
BY 
vol. 

3.0147 . O m 7  
.a16 
.0216 
.a47 

.0147 

.0165 

.0165 

.0165 

.0271 

.0227 

.0227 

.017 1 

.017 1 

.027 1 

.017 1 

.0171 

.027 1 

.0290 

.0240 

.0290 

.0240 

.0147 

.a02 

.0227 

.0402 

.0312 

.a12 

.0255 

.0109 

.a12 

BY wt. 

1.0665 
.0661 . os59 
.a559 
.0665 

-0665 
,0663 
.a663 
.0663 

.a78 

.OS79 

.0679 

.os79 

.0679 

. m a  

.0679 

.0679 

.0678 

.mo6 

.0702 

.0706 

.0702 

.a706 

.0640 

.0679 
,0655 
-0660 
.0660 

.0654 

.0750 

.0649 

1 



xiii 

CQMBUSTION PRcPERTIEG OF FLEIS 

indicate references. J 

T Flammability 

cent of 

- 
limit, per- 

stoich. i f/a fa 
-* rrp 
percent 

Quench. dist . ,  
Tn. 

b at 
?/a for -- vp, 

OR 

4050 
4040 

4020 

4165 
4025 
4130 

4035 

4265 
4220 

4280 
42-60 

4050 

4060 

4065 

StoiCJl. Ab&. 
min . - 

e 
" 

C 

C 

- 

Abs 
UliR. 

itoich. 
Lean Rich 

734 

585 
580 
845 

818 
816 

806 
837- 

569- 
582 
580 
495 
788 

587 
626 

506 

940- 

853 
870 
890- 

~ 

=29 

,175 

'82 

3123 

157 

0.08 

.I8 

.13 

.089 

.17 

0.07 

.06 

.079 



xiv I NllcA RM S41q 

TABLE I. - Concluded. PHYSICAL AMI 

[ Numbered superscripts 

Fuel 

Propene 
,2-cyclopropyl- 
,2-methyl- 

n-propyl  alcohol 
@l"yl chloride 

l-h.oPyne 

Propionaldehyde 

Propylene oxide (1,2-epoxyprqpane) 

Silane , pbutyl-  
,diethyl- 
,ethyl- 
, i80buttyl- 
,Ethyl-  

,tetramethyl- 
,trimethyl- 
,vinyl- 

3piropentane 
1-Tetradecene ' 

Petrahydropyran 
retral in  (tetrehydronaphthalene) 
roluene (nrethylbenzene) 

R'iethylamine 
m n t i n e  (mainly  a-pinene) 
rinyl acetate 
3asoline , 73-octane 
Sasoline, 100-octane 

Jet  fuel, grade JP-lm. 
Jet fuel, grade 3~-9 
Jet  fwl, grade JPf4s, 
Je t  fuel, grade J P A . 9 :  

. .  . 

Molec - 
ulaf Kt. 

42.1 
82.2 
56.1 

58.1 
60.1 
78.5 
58.1 
40.1 

88.2 
88.2 
60.1 
88.2 
46.1 

88.2 
74.2 
58.1 

68.1 
196.4 
86.1 
132.2 
92.1 

101.2 

86.1 

150 
3.2, 

ri2s ", 
..I27 0. 

go. 522 

g. 600 

.8W2 

.8& 

.8312 

.a042 

2.620 

.a52 

.775 

. 9712 
,872 

.e542 

.7232 

.9322 

.81 
-76, 
.18 1 

0-393. 
. ,  

3.P. 1 
Drp 

-54 

20 

1202 

Y72 
952 

2072 

-10 

-702 

a02 

484 
17 g2 
40S2 
231 

1932 

1622 

-88 

-69 

!952 

.56 

19,683 

19,546 

19,849 

19 , 022 

17,601 

"28,50( 
"18,70( 
=18,70( 
"18 , SO( 

T Stoich. mixt. 
BY 
vol . 
I. 0444 
.0240 
-0337 

.a97 

.M44 

.m22 

.0497 

.0497 

.0255 

.0255 

.0402 

.0255 

.0564 

.a55 

.0312 

.0444 

.0290 
,0099 
.0290 
.a59 
.a27 

.0210 

.0444 

.ol3 

.017 

.015 

.011 

BY 
wt. 

1.0679 
.m02 
,0679 

.lo54 

.0969 . si99 

.lo54 

.w2a 

. OB00 .0800 

.0872 

.OB00 
,0956 

. OB00 

.Of328 

.0937 

.mo6 

.0679 
to893 

.mu 

.0753 

.1388 

.073a 

.069 

.m 

.068 

.069 



N E A  Rbl E54I07 

Flammability 
limit, per- 
cent of 

stoich. 

R i c h  

272 

322 

1036- 

81220 

463 

794 
1054- 

486= 

57012 

J480 

+io2 

800-950 

468* 

?/a for  -. U F Y  

!ercent 

n4 
lJ.9 
ll4 

131 

128 
119 

123 

ll9 
ll9 
123 

120 

-90 
101 
105 

cp at 
:/a for -. ZTp, 

OR 

4210 

3855 

4170 
4450 

4175 
4220 

Itoich. 

0. CB 

.10 

.l5 

.07 

.06 

.L5 

15 

.15 

c 



Method Maximum 
burnfng 
velocity, 
ft/sec 

st01chiometric 
fuel-& ratio 
for msximum 
burning 
velocity, 

percent 

Refer - 
ence 

Buneen burner 
schlieren I 106 I 27 

Bunsen burner 14 l.lO 1.53 
ehad.0w-h 
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